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20. ABSTRACT (Continued) V
monolithic tungsten subtips in ICBM flight environments. Therefore, additional
studies were performed to develop an improved subtip concept that would be more
resistant to thermal stress failures. These studies resulted in a segmented con-
struction approach that will reduce the applied thermal stresses to acceptable
levels and provide a high probability of survival in flight. Two segmented and t !
two monolithic tungsten subtips were then designed, fabricated, and tested on
HEARTS and FLAME flight test vehicles. All four nosetips survived to impact
with no evidence of thermostructural failure and with no development of vehicle
trim angles-of-attack at low altitudes. Additional tests at more severe conditions
are required to verify the improvement in thermal stress performance provided
by the segmented construction technique.

Two new types of ablation sensors were investigated for possible use in obtaining
in-flight measurements of the recession performance of tungsten nosetips. These
sensors were: 1) an ultrasonic ablation gage that measures the resonant frequen-
cies in the nosetip to obtain an indication of the remaining length, and 2) a radio-

active gage that uses bremsstrahlung radiation to activate the tungsten.
Laboratory versions of both sensors were built and found to give promising results
that warranted further development.
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Conversion factors for U. S. customary to metric (SI) units of measurement. k
To Convert From To Multiply By

angstrom meters (in) 1. 000 000 X E - 10

atmosphere (normal) kilo pascal (kPa) 1.013 25 X H +2
bar kilo pascal (kPa) 1.000 000 X E -i2
barn meter2 (In2 ) 1. 000 000 X E -28
British thermal unit (thermochemical) joule (J) 1. 054 350 X E +3
calorie (thermochemical) joule (J) ,4. 184 000
cal (thermochemical)/cm 2  mega joule/in (MJ/m 2 ) 4. 184 000 X E -2
curie giga becquerel (GBq)* 3.700 000 X E +1
degree (angle) radian (rad) 1.745 329 X E -2
degree Fahrenheit degree kelvin (K) T

K = (t ° f 459. 67)/1.8
electron volt joule (.1) 1.602 19 X E -19
erg joule (J) 1.00 000 X E -7
erg/second watt (W) 1. 000 000 X E -7
foot meter (in) 3.048 000 X E -1
foot-pound-force joule (J) 1.355 818
gallon (U. S. liquid) meter 3 (In3 ) 3.785 412 X E -3
inch meter (in) 2. 50 000 X E -2
jerk joule (J) 1.000 000 X E -49
joule/kilogram (J/kg) (radiation dose

absorbed) Gray (Gy)** 1.000 000
kilotons tcrajoules 4.183

kip (1000 lbf) newton (N) 4.4-18 222 X E +3
kip/in :si) kilo pascal (kPa) 6.894 757 X - 43

ktap newton-second/m
2(N-s/ni) 1.000 000 X E +2

micron meter (in) 1. 000 000 X E -6
mil meter (in) 2.540 000 X E -5
mile (international) meter (m) 1. 609 344 X E +3
ounce kilogram (kg) 2.834 952 X E -2

pound-force (lbf avoirdupois) newton (N) .1..148 222
pound-force inch newton-meter (N-m) 1.129 8.18 X E -1
pound-force/inch newton/meter (N/m) 1.751 268 X E 42

pound-force/foot 2  kilo pascal (kPa) 4.788 026 X E -2
pound-force/inch 2 (psi) kilo pascal (kPa) 6.89.1 757
pound-mass (Ibm avoirdupois) kilogram (kg) 4.535 924 X E -1 ,4
pound-mass-foot (moment of inertia) kilogram-meter 2

(kg-m )  4.214 011 X E -23rpound-mass/foot 3  kilograii/mctcr 3 " }

(kg/ni 3 ) 1.601 8,16 X E +1
rad (radiation dose absorbed) Gray (Gy)* 1.000 000 X E -2
roentgen coulomb/kilogram (C/Ag) 2.579 760 X E -.1

shake second (s) 1.000 000 X E -8

slug kilogran (kg) 1.459 390 X E 4 1

torr (mm ltg, 00 C) kilo pascad (kPa) 1.333 22 X E -1

*The becquerel (Bq) is the SI unit of radioactivity; 1 Bq = 1 event/s.
•"*The Gray (Gy) is the SI unit of absorbed radiation.

A more complete listing of conversions may be found in "Metric Practice Guide E 380-74,"
American Society for Testing and Materials.
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1.0 INTRODUCTION AND SUMMARY

Prototype Development Associates, Inc. (PI)A is been developing erosion-resistant
nosetips (ERN) to provide an all-weather flight capability ft ventry and interceptor vehicles. The V
ERN designs are comprised of a graphitic (carbon-carbon or .ill, graphite) external, or primary,
nosetip and all erosion-resistant inner nosetip, or subtip. The g, aphitic primary nosetip provides
inliLllullm recession and shape change during clear all flight, while the subtip assures vehicle sur-

vival to impact in erosive weather environznent.. In the Erosion- lit sistaiut Nosetip Teclology
(ERNT) progran (Reference 1), the basic ERN concept was defintd, tungsten was selected as tie
optinum state-of-the-art subtip material, and concept feasibility was demonstrated in a ground test
progi',m.

Plans w\,ere then made to evaluate tile ERN concept in actu'l flight environments. A
series of flight tests was designed to measure flight performance in increasingly severe aerothermal
cnvironments, both in clear air and in weather. 'Tungsten Nubtips and,/or complete ERN assemblies'

were designed and fabricated for flight tests on SAMS, FIAME, HEARTS, and A. N.T. vehicles.

SAMS (Sandia-Air Force Materials Study) was an on-going program that offered all early
opportunity to obtain flight ablation and erosion performalce data for tungsten. The SAMS vehicles
consist of a threce-stage rocl,et and a payload section containing the nosetip, a recovery system, I
instrumentation, and telemetry equipment. Most of the test period occurs during the powered por-
tion of the flight, and the peal, velocities are slightly in excess of 10, 000 ft/sec. The nosetips are I
recovered for post-test measurements and evaluation.

Four tungsten nosetips w\'ere designed, built, and flight-tested on SAMS vehlicles. One
of the nosetips wvas made from commercially pure tungsten, and three were made from tungsten.'
2-percent thoria, (W/2ThO2). (Ground tests had showvn that the ablation performance of these two
types of tungsten is identical, but that the thoritated material offers potentially superior thermo-
structural performance.) To identify the effects of particle impacts on ablation performance, two
of the nosetips were flown in weather and two were flown in clear air. All four nosetips were reeo\ -
ered intact and subjected to detailed post-flight examination and analyses. I)

The most significant observation from the recovered nosetips was in regard to the effects
of the weather environment on the tungsten ablation characteristics. Both clear air nosetips had
smooth, flat stagnation regions; while the tAo nosetips flown in erosive weather environments were
characterized by a sl.arper, biconic forward region with deep surface scallop patterns. The total
axial recession of the weather nosetips was approximately twice that of the clear air nosetips. The
scallop patterns are believed to have been initiated by weather particles impacting on the soft,
melting tumgsten surface. Once formed, tihe patterns tended to persist and cause increased local
surface heating and recession rates. No scallop or crosshatch patterns were found on the conical

frustum where no melting of the tungsten occurred.

No differences were observed in the ablation aii I shape change behavior of the commer-
cially pure tungsten and tihe W/2ThO, nosetips that were flown in clear air environments.

Post-flight examination of the recovered nosetips revealed the presence of extensive
fracture patterns in both clear air mid weather nosetips. Hlowever, deta'iled mnetallographic examni
nations of the nosetips indicated that all of the fractures were initiated after the period of aerody
namic heating. That is, all fractures could be attributed either to cool-down stresses or to residual
stresses that were relieved by the sectioning process.
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The conclusions of the metallogi aphic analyses were confirmed qualitatively by post-
flight thermostructural analyses. Calculations were performed to compare the predicted thermal
stresses in the SAMS/ERN flight test nosetips with the stresses in similar tungsten models tested
in the AFFDL 50 megawatt arc-jet and in a rocket motor facility. The peak stresses computed for
the ground test models were equal to, or greater than, the peak stresses in the flight environment; -S

tnd no thermostructural failures occurred during the ground tests. However, it was noted that both
:he ground and flight test models were computed to be marginal during the period of heat-up stresses.

Following the SAMS/ERN program, tungsten nosetips were designed and built for flight
tests on the FLAME (Fighter-Launched Advanced Materials Experiment) and the HEARTS (Hydro-
meteor Erosion And Recession Test System) vehicles, both of which provide flight conditions that are
intermediate between the SAMS environments and ICBM flight environments. These flight test pro-
grains were performed concurrently with an intensive design, development, and fabrication effort
to provide complete ERN designs for final evaluation on full-scale ICBM flight tests on the A. N. T.
(Advanced Nosetip Test) vehicles.

Two configurations were specified for the A. N.T. flight tests: 1) a sharp (0.75-inch
radius), high ballistic coefficient (B) vehicle; and 2) a blunt (1.25-inch radius) lower-f6 vehicle.

Both vehicles (along with two other vehicles) were to be launched on a single booster, and each con-
figuration was to be flown once in clear air and once in a weather environment. To permit accurate
definition of the effects of the erosive environment on the tungsten recession performance, the

A. N. T./ERN nosetips were designed so the tungsten subtips would be exposed at nearly the same
altitude (35 kft) in clear air and in weather. It was further specified that the external shape and
materials be the same for the clear air and weather flights and that the total shape change should be
minimized. To satisfy these requirements, it was necessary to design a complex primary nosetip
structure of graphite that would: 1) transmit axial aerodynamic loads from the external surface to
the tungsten subtip, 2) support the external shell in a free-standing condition to minimize thermal
stresses, and 3) assure a controlled fracture and removal of the external shell at the burn-through/
removal altitude. The subtip was designed for thermal and structural survival to impact following

sudden exposure at the primary nosetip removal altitude of 35 kft.

All of the results of the SAMS/ERN flight test program and a complete description of the
design/development effort for the A. N. T. /ERN nosetips through the :Citical Design Review (CDR)
were summarized in Reference 2. The present report describes the fWal tasks accomplished in
support of the A. N.T./ERN program, as well as the work performed in several related efforts,
including the FLAME/ERN and IIEARTS/ERN flight tests. 4

After the A.N.T./ERN CDR, the final nosetip flight designs were evaluated in a design
verification test program performed at the Rocket Exhaust Test Facility at the Air Force Rocket
Propulsion Laboratory (AFRPL). In this program, described in Section 2.0, full-scale nosetips
were built and tested in a high performance exhaust flow environment. The tests were run with a
model stagnation pressure of 100 atmospheres using a new benzonitrile/liquid oxygen propellant

system. The resultant flow conditions produced an ablative and thermal stress environment for the
nosetips that was representative of actual ICBM flight conditions. The test results indicated that the
primary nosetip could be expected to perform satisfactorily in all respects, but that the tungsten
subtips had an excessively high probability of experiencing thermal stress failures in flight.

The thermal stress problem for tungsten subtips had been of increasing concern after
the post-flight analyses of the SAMS/ERN nosetips. All the early subtip designs were monolithic
configurations that were machined from large billets of extruded or swaged material. As mechanical
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property data for these billets gradually became available, it was found that the strength properties a
in the transverse plane were unsuitably low due to grain orientation characteristics and flaws. This
poor transverse strength, coupled with the existence of a large volume of highly stressed material
at temperatures below the ductile-brittle transition temperature (DBTT), resulted in the prediction
of high probabilities of failure for many flight cases.

As a result, studies were begun to develop an improved subtip concept that would be more
resistant to thermal stress failures. This task, which was conducted as a parallel effort to the * i

A. N. T./ERN detailed design studies, involved a segmented construction approach that had the objec-
tive of reducing the applied thermal stresses to acceptable levels. With the segmented construction 3
technique, the subtip is manufactured in the same external shape as the monolithic designs but is
made from a number of smaller components. This results in lower thermal s.'ress levels in the
nosetip because: 1) the smaller components experience smaller temperature gradients, and 2) the
segments can accommodate the stresses by deforming under the influence of the temperature gra-
dient. The probability of failure also is reduced by the smaller unit volumes of highly stressed
material in individual components. Because a fracture in one segment cannot propagate across the
segment boundaries, any fracture that does occur will not result in a catastrophic failure of the
assembly, thereby providing a form of artificial fracture toughness. -A

Several analytical and test progrnams were performed to develop and validate the seg-
mented design concept. These included analyses to define the optimum segment configuration and Z
arc-jet tests to determine if the segmented construction would affect the ablation performance of
the assembly. The results indicated that segmented nosetips could be designed with a very low
probability of thermostructural failure in flight and that the segmented construction has no detect-
able effect on the ablation performance. A

Because of the favorable preliminary results obtained in the segmented nosetip develop-
ment task (Section 3.0), segmented tungsten nosetips were designed and fabricated for evaluation on
the HEARTS and FLAME flight test vehicles. The IIEARTS vehicles were launched on Athena C and
Athena D boosters and attained entry velocities of approximately 1S,200 ft/sec. The HEARTS pay-
loads were not recovered. One monolithic tungsten nosetip and one segmented nosetip were built 3
and flight tested in clear air environments. Each nosetip was covered with a teflon glove designed

to burn through and ex'pose the tungsten at an altitude of around 35 kft. Both IIEARTS/E'RN nosetips
survived to impact with no ,vidence of thermostructural failure and with no development of vehicle
trim angle-of-attack at low altitudes. The IIEARTS,'ERN design analyses and results are summarized"
in Section -1. 0.

The FLAME vehicles were air-launched, two-stage rockets that reached peal, velocities
in excess of 13, 000 ft/sec. The payloads were designed for recovery to permit post-flight examina-
tion and analyses. One monolithic tumgsten nosetip and one segmented nosetip were built and tested
on FLAME vehicles in clear air flights. Both nosetips survived to impact with no unusual aerody-
namic behavior. The monolithic design was recovered intact and found to be in excellent condition.
The total recession depth was within predicted limits and no evidence of thermostructural failure was
found. Section 5.0 describes the FLME/EIIN design and flight test analyses.

The IIEARTS/ERN and FLAME/ERN flight tests provided valuable information regarding

the performance of tungsten nosetips in hypersonic flight. Data were obtained to: 1) verify the clear
air ablation performance of tungsten, 2) demonstrate the aerodynamic behavior of tungsten nosetips,
and 3) verify the thermal stress behavior at sub-ICBM flight conditions. It also was shown that the
segmented construction did not degrade the aerodyqnmic, structural, or ablation performiance of
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tungsten nosetips. However, since the IIEAI{TS and F[AME flight environments were not suffi-
clently severe to produce thermal stress failures in the monolithic nosetips, no verification was
obtained of the improvement in thormostructural performance provided by the segmented construc-
tion. Therefore, additional work was recommended to evaluate the thermostructural response of
a full-scale segmented tungston nosetip in a high performance rocket motor exhaust flow and to
obtain final verification of the concept in an ICBM flight test.

Another major problem associated with flight test evaluation of tungsten nosetips hms
been the difficulty of obtaining in-flight surface recession measurements. Since the A. N. T. vehicles
will not be recovered for post-flight inspection, all information regarding nosetip performance must
be obtained from on-board instruments. However, the physical properties of tungsten are such that
most of the measurement techniques developed for graphitic and resinous nosetips cannot be used,
For example, gamma-ray backscatter sensors are not practical because the high density and attenu-
ation characteristics of tungsten limit the effective measurement range to a fraction of an inch. Thu,
use of embedded discrete radioactive sources is prevented because the instrumentation holes criti-
cally degrade the thormostruetural Integrity of tungsten.

In the earlier EIN development studies (Reference 2), two new types of tungsten reces-
sion sensors were considered. These were: 1) the K West pulse/echo ultrasonic ablation gage
(developed previously and flight tested successfully on graphite nosetips), and 2) at radioactive back-
scatter sensor utilizing neutrons (which are not attenuated by tungsten as significantly as are gammi
rays).

Although mixed results were obtained in several ground tests and in one SANIS flight test,
it was concluded that the pulse/echo ultrasonic ablation gage is unsatisfactory for measuring tht, str-
face recession of melting tungsten. The apparent reason is attenuation of the acoustic wave in the
surface melt layer. The neutron backscatter gage was found to be capable of nieasuring tungsten
thicknesses only slightly greater than 1.0 inch. Even though It was believed that this range could be
extended somewhat (possibly to as much as 2.0 inches) with additional (IvelopmI1ent effort, the pe'-
formance still would not be satisfactory for most nosetip lengths of Interest. This performance,
along with the difficult safety and handling problems associated with neutron sources, resulted in
the decision to discontinue further work on the neutron backscatter sensor.

In the present effort, two additional sensor concepts were investigated (Section (. 0).
One of the concepts is a variation of the pulse/echo ultrasonic gage that measures the resonant fre-
cluencies in the nosetip to obtain an indicntion of the remaining length. The principal ndvnntage o
this concept over the conventional pulse/echo sensor Is the fact that the low frequencies correspond-
ing to the resonances were expected to have relatively low attenuation coefficients. The resonance
sensor was designed in a laboratory development program and then demonstrated successfully fit an
ablation test of a tungsten model in the AFFUL 50 megawatt arc-jet facility. (No successful tests of
the pulse/echo sensor had been obtained In this facility.)

The second tungsten recession sensor concept investigated in the present program was
the bremsstrahlung-activation ablation gage (HAAG). With this concept the tungsten is activated by
high energy electrons that prodiuce high energy bremsstrahlung photons. The photons then convert
the tungsten into the isotope 8 Ta with no physical alterations to the nosetip. Tungsten components
were irradiated with this process, and a nosetip, collimator, and detector assembly was fabribated
to determine the ablation measurement sensitivity of the instrumentation system. The count rate
was found to be a nearly linear function of material thickness for nosetip lengths up to . 0 ei (3, 15
Inches). The high count rate produced in the tungsten, along with the linear variation with length,
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resulted in a detector system with good accuracy. All required electrical components were dlevel-
opedl and the basic detector design has been flight tested extensively. Thus, it was conclude(] that
the BAAG system is a feasible concept for obtaining in-flight recession measurements of tungsten
nosetips. However, additional w~orI, is required to complete development of some components,
optimize the nosetip activation procedures, and modify the calibration procedures.

!41
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2.0 A. N.T./ERN NOSETIP DEVELOPMENT

2.1 INTRODUCTION AND OBJECTIVES

This section describes the final design verification tests of the Advanced Nosetip Test/
Erosion-Resistant Nosetip (A. N. T./ERN) program that were conducted at the Air Force Rocket
Propulsion Laboratories (AFRPL), Edwards Air Force Base, California, during the period May -
November, 1975 (Reference 3).

The basic PDA erosion-resistant nosetip concept consists of a primary, or outer,

nosetip and a secondary, or backup, subtip which assures survival to impact in an operational
weather environment. The primary nosetip material consists of either graphite or carbon-carbon,
while thc erosion-resistant subtip is fabricated from an alloy of tungsten. A key objective of the
A. N. T. /ERN flight tests is evaluation of the subtip and phenolic carbon skirt/heatshield ablation
performance in combined ablation/erosion environments. To accomplish this, it is necessary to
remove the primar- nosetip at an altitude characteristic of the removal altitude in an operational
weather environment. Originally, an internally slotted carbon-carbon solid shell configuration,
designed to burn through and separate from the vehicle at the selected removal altitude ( 35 + 5 kft),
was the concept to be flight tested. The results of design development tests on 0.7 scale models
(also performed at the Air Force Rocket Propulsion Laboratory) to evaluate this concept indicated

that an improved design was required to better control removal performance (Reference 2). It was
decided to switch to a graphite nosetip design to provide better material homogeneity, reduce poros-
ity, and improve confidence in the predictability of performance. An axisymmetric shell concept

was designed to provide a predictable removal time based on burn-through rather than on fracture.
(A detailed discussion of the final A. N. T./ERN design is contained in Reference 2). The present

test series was the culmination of the design and niaterial changes institeted after the initial 0.7
scale development tests. In addition to the nosetip changes discussed above, AFRPL also changed

the rocket chemical reactants to a benzonitrile/liquid oxygen system to improve its reentry

simulation.

The design verification tests discussed herein for the 994 graphite, thin, hollow shell
primary nosetips and monolithic tungsten subtips were run in the AFRPL/ABRES 1-52-C test facility,
described in Reference .1, using the btnzonitrile/liquid oxygen propellant system. The specific test
objectives were to:

1. Evaluate the removal characteristics of the redesigned outer tip.

2. Determine wall thickness and stagnation pressure conditions at
the time of removal of the redesigned primary tip.

3. Expose the subtip to reentry thermal stress conditions. 9

4. Evaluate the performance of the acoustic recession sensor on
tungsten.

2.2 APPARATUS

2.2.1 Test Facility Description

The ABRES RPL Reentry Nosetip Test Facility is rocket engine test stand 1-52-C with
a hot gas combustion chamber and a remotely controlled model insertion mechanism. The high

enthalpy gas generator is a 50,000-pound thrust equivalent liquid rocket engine. Liquid oxygen md
benzonitrile (C 6 li5CN) propellants are burned in a combustor at 3000 psia chamber pressure at an
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oxidizer -to-fuel mixure ratio (0/F) of 2.80. Both mixtuire ratio and chamber pressure tire closed-

1001) Lolltrolled to miaintatin the desired environment. In addition, the chamber pressure call be varied
(luring a run from .500 to 3000 psia according to a predetermined program.

The insertion miehanismi consists or a rotating radial arm mounted onl a carriage that
canl be moved both axially and radially. The test item may be swvept in and out of the flowfield at

preprogrammned rates. Although the engine canl be startedl andl stopped with the mnidel/holder either
in or out of the stream, the A. N. T. /EHN tests w~ere performed with the model rotatec. into place at

the 'vernier" or 500 psi chamiber pressure level. Additional details of the facility capability and
instrumentation are given in Reference 4.

The combustion flamne temperature variation with propellant mixture ratio predicted by
the ODE (0ne-Diniensional Equilibrium) chemistry programn (Reference 5) is shown in Figure 1. k

The present test point at a mixture ratio of 2. S0 is an oxygen- rich environment. A summinary of thea
ideal theoretical performance for the 100-atmosphere and the 50-atmiosphere nozzle configurations.

calculated by the ODE code, is given in Table 1. The nozzle contour data were extracted fromi
Reference 6and used in the calculations.

CIIAMBER PRESSURE - 3000 PSIG

7500
01F- 2. 18 (STOICHIOME TRIC)

rT - 7305 R -2S

T - 7165 R z

A .N. T.ARN

TEST POINT

REFERENCE ENTHALP'IES

102 (LOX) @ 90 -K .1115 *3.102 KcaoI/l3c

CJ1 N(SENZONITRILE)OI 310-K .11H* 39.60KcoI/mole

MIXTURE RATIO, OA

Figure 1. Combustion flamev temperature variation with ()/F
Inixture ratio, AF113L/ABRES 1-52-C rocket motor.
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Tab~le 1. AFIIPL nosetip test facility cell 1-52-C
environment4 ideal theoretical perfornmnce.

PROPELLANT uO/ZNfLX/13ZN

MIXMTURE HATIO, 0/1 J -S 2.S0

NOSETIP STAGNATION PRESSURE, (ATM) 100 s

NOZZLE AREA RLATIO 2.76*0 6.0014

NOZZLE EXIT MACH NUMBER 2.26 2.7~6

NOZZLE STATIC TEMPERATURE, (it) 5797 533

NOZZLE STATIC PRESSURE (PISF) 36367 12j7

NOZZLE STAGNATION TE:MPERATURE 11) 7165 7163

NOZZLE GAS MOL01ECULARI WEIGHIT 31.95 32-7.6

NOZZLE GAS STAGNATION ENTIIALPY (IITU/1.13) 53.3 53.:,

NOZZLE GAS DENSITY (LB /Ft") 0.1297 0. 0.1W
mO

NOZZLE EXIT VELOCITY (ETI(SEC) 7161 S302

NOZZLE EXIT 1)1AMI.TErt (IN.) 5.0 3z . C.C

GAMMA)' (CI LA MIIEIIR) 1.13 1.13

CHAMBER P'RESSURE (l'SUZ- 3000 30

TOTAL DRIVING 1:NTII.\LP'Y. All (BTUil11.fl) 3906 30

**CALCUI_\TI:D 111IOM NOZZIE CON3X)UR DA\TA PRIOVIDED IN MIEEPRENCE 6V

The present test point. 0/F 2.80, for benizonitrilc (13ZN) and liquid oxyge'n tLOX) wats
characterized comipletelv and a full Mollier description of the enlvironmenolt Is a1 funlction of enthalpyv

mnid pressure was generated for- use in the PDA? N0IIARlE and NOSEC computer programs (Reference 7)
from modified OD)E computations. Carbon and tungsten wvall materials in the same environment also
were characteriz.ed, and( tables wer~e generated of gas-wall enthialpy and ablation potential (lI-value)
as functions of temperature and pressure. The universally accep~ted JANAF reference state of 29,;, K
(536011) was used throughout the calculations. These tabulated dlata1 were presented in Re%(ference ..

2.2.2 Calibration Nodels

Since the I3z%!/LIOX lproPellaint system had not been usedI for any- test jprogranim pr'ior to 4
the present test series, calibration data did not exist. Hence, a series of pressure and hieait flux
calibration models were used to characterize the exhaust environmenlt at chaimber pressures of 500. -

1500 and 3000 psia for the 50- and 100-atmosphere nozzle configurations. The 11111, facility provided
all calibration models except for a special biconic model supplied by P1)A. The 11111 models all
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k= were sphere-cone copper models with cone I If-angiles of 7. 0 degrees an nose radii of 0. 5, 1. 0,
and 2. 0 inches using Acrothcrmi null-point calorimeter s. The special PDA biconic heat flux caibra-
tion model had the same external configuration as the sharp primary nosetip model (described later).
The calibrations at the~ various chamber pressure levels were necessitated by the requirement for
model insertion prior to steady-state operation to: 1) simulate high altitude p~reheat effects on the
primary nosetip, and 2) avoid high model side loads encountered at the higher chamber pressures.

A surface pressure calibration model with a nose radius of 1. 0 inch and a1 cone half-angle
of 7. 0 degrees was tested to confirm analytical prediction techniques. The calibroitioa models with
calorimecter locations indicated are shown in Figures 2 through 5. Table 2 summarizes, for each
model, the axial locations of the sensors measured from model stagnation point.

6.00 7I

3V

I~ C44

-.0 R- 600-

2.12.00

0 NULL-POINT CALORIMETER

Figure 2. RlIL 1.00-inch nose radius calorimeter modIel.
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Table 2. Calorimeter location summary.
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The modification consisted of removing inaterial on the spherical nosecap to reduce the wvall thickness

at the sonic region. The resultant biconic shapc reduced the thermal gradient and, therefore, the

probability of thermiostructural failure prior to burn-through-induced removal. Two test model con-

figurations, representing the "1sharp" and "blunt" flight models, were testedI. The sharp and blunt

configurations are shown schematically in Figures 7 and 8, respectively.

9.392 - - 5.925A4

1. 50 DL'UE CUP) CAHBON IIIIENOIC

I- .350 CONST*ANT 7~-
.080 DIA -

/ ~ 3. 325 I)IA

L -1018 S1-I-XE!Bll

9904 (;IAI'IImlri -I,1I.-WItAI'P1EI) SILICA I)IIENOI.C

ZE-XI'TIG A. .T/!l.I)IEI

Figure 6. Sharp graphite ablation model.
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Figure 7. A. N. T. sharp test configuration.m
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MACH CONE SUBTIP

D -5." .

M "2.32

PRIM ARY TIP FWD SKI T- SPACER

ADAPTER

Figure 8. A.N.T. blunt test configuration.

The sharp model consisted of a 994-2 graphite primary tip with a 0..10-inch nose radius,
26-degree (half-cone) initial conic section, followed by a 6.0-degree cone. Tite stagnation point
thickness was nominally 0.30 inch (versus 0.41 inch for the flight design). The forward portion of
the shell was in intimate contact with a thin insulating pyrolytic graphite cap which was supported by
an ATJ-S graphite cruciform block which, in turn, transmitted the loads through a graphite bearing
cap to the tungsten subtip. Grafoil insulation was used between the 991 shell and the ATJ-S cruci-
form on the sidewall. The blunt primary tip had a 0. 60-inch nose radius with 'i0-degree initial
conic section faired to a C. 0-degree cone. The stagnation point wall thickness was 0. 25 inch (vcrsui
0. 31 inch for the flight design), and the sidewall thickness was 0. 15 inch. The load path and insu-
lation were the same as for the sharp design.

The sharp tungsten subtip consisted of a 0. 75-inch nose radius with a 6.69-degree cone
and 5.0 inch overhang. The blunt subtip had a 1. 0-inch nose radius with an 8.42-degree cone and

. 0 inch overhang. Both subtips included a 0.05-inch thick flame-sprayed coating of molyixienum
as an overlay. An exploded view of the primary nosetip components is shown in Figure 9.

2.2.5 Subtip Thor mostructural Models

The subtip thermostructural test models wore essentially identical to the subtip models
in the shell removal configurations except for the following component deletions:

1. Primary tip and supports,
2. forward skirt, and
3. subtip overlay.

The blunt tungsten subtip model (Figure 10) was installed with a 0. 15-inch thick teflon glove to delay
subtip exposure until steady-state operation was achieved in the motor. The model was placed into
the rocket exhaust at low pressure to procludo losing the subtip duo to entry side loads. Upon.
removal of the teflon glove, the bare tungsten subtip would experience minimum thermostructural
margin-of-safety (i. c., peak thermal gradient).
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Tile sharp tungsten subtip model had an additional modification, consisting of a special
teflon primaruy nosetip, as shown in Figure 11. The teflon nosol 'was evaluatedI as a possible alter-
nate primary tip for flight in place of tIhc 994i graphite shcll confiruration. Thle actual teflon nosetip
used in the RPL ground test extended to the subtip overhang shoulder.

'EI)JPIMARIY toNoi'rtinc TrUNGSTEN5 ~
NOSIE1lP- bA-I

__________ _ '______

1-4U
SECTIONA-A SLCIATIO-I

Figure 11. Shar'p subtip configuration with teflon primary nosctip.

2. 2. 6 Instrumentation

Each A. N. T. /EIIN model was instrumented with Chromecl-Alumel and tungsten-rhcnium
thermocouples, an Endei'co Model 2292 shock accelerometer, and at K W~est acoustic recession gage.
Table 3 gives thle dIctalcd description of the locations and types of thermocouples used 0mm each
design. Note that the thermocouples under the pim atianthfowrsitweedledn
the subtip thermostructural test models.

Each A. N.T. /ERN model was instrumented wvith ani acoustic subtip recession gage pro-
vidIed and installed by K WVest under subcontract to PDA. The specific sensor type for each model is
given in Table 41. Three of the models used the pulse/echo 4te of acoustic recession sensor that
had been select,.d for use onl the flight nosetip units (Reference 2). However, since recent ground
and flight. test results had indicated at low probability of success for this sensor, additional w~ork was
being performed to develop a new type of acoustic sensor that measured thle length-dependent reso-
nant fl'equrncy In the nosetip (Section 6. 1). The fourth test model contained1 one of these r~esonance
wave acoustic recession sensors.

Six pyrometers were used to measure the external surface temperatures of thle models,
and high spieed motion picture coverage was provided by eight motion picture camieras.
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ci Table 3. Summary of nosetip thermocouple functions.

POSITION" (INCH)

TiiElt.\OCOUPLE'StAiB .r
NUJMBERI TYPE AMLI 1, ADL\L AXL\ 1. ADL\L l'UNCION

(Al1) 0.032 Steel-Sheathcd 9.67 0.00 13.23 0.00 Primary tip removal.V

Cr/Al stagnation point

(A2. 132) 0. 032 Steel -Sheathed 9.88 0.55 13.50 0.70 primary tip removal,
Cr/Al sidewall

(A3, 133) 0. 032 Steel-Sheathed 11.70 0.90 15.22 1.15 Forwaid hcatshield
Cr/Al stripback

(A4. 134) 0. 032 Steel-Sheathed 12.97 1.06 16.12 1.29 Forward heatshield
ECr/Al striphack

(AS. B35) 0. 032 Steel-Sheathed 14.22 1.20 17.02 1.13 Forward heatshield
Cr/Al stripback

0 AG. 136 0. 032 Steel-Sheathed 14.90 0.91 17.60 1.04 Subtip temperature
Cr/Al

A7 0.010 Tantaluim- 15.82 0.72 15.52 0.S4) Tantalum holder tempera-
Sheahed /W-

2
1teture (high temperatux e

VB7 0. 032 Steel-Sheathed 15.S2 0.72 18.52 081 measurement)
Cr/Al

AS, BS8 0.032 Steel-Sheathed 16.77 0.89 18.52 0.97 Erosion guard.14ii Cr/Al performance -HV
A 9 28 Gage Glass-Wrapped 1s..IS 1.27 19.76 1.30 Aft heatshield stripback

Cr/Al

ANO 28 Gage Glass-Wrapped 19.38 1.55 20.6S 1.60 Aft heatshield stripback
Cr/Al;7

V4

All. 1311 28 Gage Glass-Wrapped 20.28 1.80 21.60 1.90 Aft hcatshield stripback
Cr/Al

------ ----- C r/--l 1-- -- --- -- -- - -- -u-- - -- ti--- - -- - -- - -- -- --- - f- - -- --- --- -

A12 0.032 Steel-Sheathed 1M.3l 0.35 19.00 0.35 Acoustic transducer,

Cl, Di 0.010 Tantalum- 16.65 19.0 hiS featshield In-depth*
Sheathed W/W-2Ole 9.6 .S temp~erature

CA

0 C2, D2 0. 010 Tantalum- 16.25 1.10 19.14 1.59 licatshield In-depth

Sheathed W/W-2';ite temperature

C3. 1)3 0. 020 Steel -Sheathed 15.SS 1.20 18.62 1.33 ileatshield in-depth
*Cr/Al temperature

I'Thermocouples A are at 1200, 11 at 300'. C at 300, and 1) at 2100 (vehicle azimuth angles). T'hermocouples in parentheses
not installed on thermostructural test models.

A\dal positton measured from theoretica vehicle apex.



Table .1. Acoustic sensor summary.

RPL TEST PI)A SUBTIP
NUMBER DA'TE MODEL ACOUSTIC SENSORI MODEL AND TYPE

165 7-2-75 BT-3 309-38 SN2 Shear Wave

169 7-17-75 BD-.I 309-33 SN2 Compression (1.5 mnlz)

186 10-21-75 BK-,t 309-32 SN3 Shear Wave

1,s9 11-1.1-75 B M-- 310-1i Resonace

2.3 TEST METHOD

Four A. N. T. /ERN models and two graphite ablation models were tested, as summarized

in Table 5. Each test model was mounted on the centerline of the rocket exhaust and mated to the
RPL movable sting system using a common adapter provided by PDA. Each test was started with
the model positioned 0.25 inch aft of the nozzle exit plane. Figures 7 and 8 show the relationship of
the model to the Mach cone intersection and the nozzle exit plane for the sharp and blunt primary
nosetip configurations, respectively, in the 100-atmosphere nozzle. The test continued with models
in this position until burn-through or removal of the primary tip (if present) occurred, at which

L time the sting w\,as moved forward to position the subtip 0.25 inch aft of the nozzle exit plane. Axial
forward motion was 3.25 inches and 2.55 inches for the sharp and blunt nosetip models, respectively.

The forward motion was actuated by the RPL test conductor upon visual observation of
the primary nosetip removal via remote color television. Visual observation w'as found to be a more
reliable indication of removal than surface temperature changes monitored by the pyrometers because
intermittent unburned fuel clouds (front excess fuel sprayed on the chamber wvalls for- cooling) tended
to mask the surface of the model.3,'

Because of the excessively high bending loads which would result from model insertion
into the flow at full stagnation pressure, it was necessary to insert the models at a reduced, or
"vernier" level, operating condition which produced a stagnation pressure on the order of 12 to 18 4i
atmospheres. The graphite primary nosetip models were protected by a polyethylene bag from the
nozzle wall coolant flow during insertion. The tungsten subtip models had teflon covers to keep the
tungsten from being exposed until steady-state, high pressure operating conditions were achieved.
The teflon glove on the sharp subtip model w\,as of a full-scale primary tip configuration (Figure 10).IJ

The primary nosetip removal tests not only required insertion of the models at the vernier
(500 psta chamber pressure) level, but, in addition, an extended preheat time was required at this
level to alleviate the thermal gradient that would be induced at the higher pressure conditions. The
preheat allowed for some bull, temperature rise to occur before ramping up to the high pressures
and, thus, relieved ti thermal shock response and inhibited thermostructural failure.
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2.4 CALIBRATION RESULTS

2.1.1 hleat FhLx and Pressure

A series of ten heat flux calibration runs and one pressure calibration run were made In
the RPL 1.;-atmosphere and 50-atmosphere nozzles at chamber pressures of 500, 1500, and 3000
psia. The principal objective of the calibration runs was to correlate the measured and theoretical
surface heat transfer distributions to provide a basis for accurate predictions of the ablation and -

thermostructural response histories of the A. N. T. /ERN flight nosetip models.

All heating analyses were performed with the NOtIARE code (Reference 7) and accounted
for actual motor performance losses. Measurements by facility personnel (Reference 8) indicated
tiat the performance (C*) efficiency was approximately 97 percent at the design operating condition
of 3000 psia chamber pressure and propellant mixture ratio of 2.80. However, at the 500 psia
vernier condition used for model preheat, the measured C* efficiency was only 90 percent.

Several possibilities were considered to account for the reduced efficiency at the low
pressure condition. These included: 1) chemical kinetics, 2) boundary layer losses, 3) nozzle
divergence losses, -1) mixture ratio maldistribution, and 5) energy rclease losses. A series of cal-
culations and nozzle design evaluations were performed (Reference 3) to select the probable source(s)
of the performance losses and to define tile proper method for describing the exhaust flow conditions..
The results of this study indicated that the first three possibilities would not be significant for this
nozzle/propellant system. Thus, the most likely sources of the measured performance losses are
some combination of incomplete energy release mid mixture ratio mialdistribution.

The energy release (i.e.. combustion) process in a liquid propellant system involves at
complex combination of thermodynamic, fluid dynamic, and chemic:al processes. A review of the
analytical capabilities for describing these processes was performed by the Interagency Chemical
Rocket Propulsion Group (ICRPG) for JANAF (Reference 9). This review concluded that tile energy
release phenomena cannot be described adequately by current analytical techniques. As a result of
this conclusion, the 1CRPG committee adopted an empirical technique, known as the energy release
model (Reference 10), as an interim procedure for predicting energy release inefficiencies. Basi-
cally, this procedure models incomplete energy release analytically by reducing the total energy
of the system available in the expansion by the use of effective propellant heats of formation that
have been artificially lowered from their standard ,JANAF values. Prior to expansion, 100 percent
of the propellant is presumed to be in thermodynamic equilibrium at the reduced entlalpy level.
The chemical and fluid dynamic calculations for the expanding combustion products are then made
in their usual manner, and the calculated performance is reduced because of the lower energy avail-
able to the expansion process. The procedure is repeated iteratively until agreement is obtained
with the measured C* value. It should be noted that, with this technique, all performance losses
are attributed to a loss in energy release.

An alternate method of accounting for the lowered C efficiency is to assume th:at the
entire performance loss is caused by incomplete fuel vaporization (1F1 modell. The basis for the I

IFV model is tle assumption that propellant vaporization is the rate controlling combustion process
(Reference 11). The most important physical parameter in the vaporization process is the heat of
vaporization. Thus, a propellant such as BZN, which has a high heat of vaporization. will require
a relatively long combustion chamber to achieve complete vaporization. Furthermore, since the -

vaporization rate is pressure-sensitive, an engine operating at pressure levels substantially lower i
than the desigii values may exhibit reduced performince. Tie IFV model assumes that thewii



unvaporized fuel is inert, has no effect on performance, occupies no volume, and( does not contribute
to the chamber pressure. No other sources of performance losses are considered. This model pro-
vides a worst-case estimate of exhaust conditions in the sense that incomplete vaporization of the fuel
will result in the presence of higher mole fractions of chemical species that are capal)Ie of oxidizing
or reducing carbon (e.g., 02, 0, Ol, and 1120).

Nozzle heating and thermal response calculations were performed (Reference 3) using
exhaust flow properties computed with the assumptions of ideal flow, the energy release model (LI01),
and the IFV model. Stagnation point heating and recession rate histories were compute(I for carbon
models with initial nose radii of 0. 1, 0.2, and 0.- inch for chamber pressures of 500 and 600 psia.
The results, summarized in Table 6, show that increasing the chamber pressure over this range has
small effect on all parameters. Similarly, very little effect was produced by the change in nose radius
from 0.1 hich to 0.-1 inch. Ilowever, there were significant differences between the results predicted
with the three flow models. The energy release model calculations show a small (2 - I percent)
decrease in surface recession rate relative to the ideal flow case, while the IFV model predicts a
15 percent increase in surface recession rate. The enthalpy driving potential and the surface tem-
perabure predicted with the energy release model are lower by about 27 percent and 35 percent,
respectively, than in the ideal case. The IFV model causes a 1-1 percent reduction in the enthalpv
difference and a 1 percent increase in surface temperature relative to the ideal calculations.

Preliminary correlations of the calorimeter model heat flux data (presented below) indi-
cated better agreement with the energy release model. The actual flow conditions probably are
represented by some combination of the energy release u( IFV models. However, in the absence
of any additional data with which to correlate the analytical predictions, "bi energy releas model
was selected for use in all of the data correlations and nosetip reslpouoe pt-eiciions involving the I
vernier preheat condition.

The calibration tests performed during this test series are sie~nur-. in Table 7. The
locations at which the Mach lines impinged on the calorimeter modL Is art show: schematically in
Figure 12 for the various combinations of nozzle and model configurations. The Mach line angle (0)
was computed fromt the expression V

-1 1_L
0sin M j-

where M is the theoretical exit plane Mach number. The impingement location defines the point
aft of which the heating is less well-defined, since it is outside the test rhombus, or region of con-
stant freestream properties. The calorimeters aft of the impingement point were of special interest
since they woul define this environment.

Figures 13 through 1S present the calorimeter data superimposed on the best NOiIARE
compulter program predictions, which accounted for the actual C, efficiencies measured during the
tests, as discussed above. The calorimeter data aft of the Macl cone impingement locations were
correlated initially by Aerotherm (Reference 12) by plotting the normalized heat flux quantity,

!MLI" versus the axial distance from the Mach line impingement point. The Aerotherm corre-
lation, however, showed more data points than were available from the A. N. T. /ERN test series,

QMLI is the predicted heat flu:x at the Mach line intersection on the mlodel (see Figure 13).
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Table 7. A.N.T./RPL calibration test summary.

CHA-MBER PRESSURE, PSI 3000 1500 500

MODEL STAGNATION PRESSURE, ATMI 100 50 50 17

NOZZLE DIA-METER, I1N 5.8 8.6 5.8 5.8

NOSE RADIUS, IN (a) RPL TEST NUMBER

0.50 #158 4180,#183 - #182

1.0 #157,4168 # 179 #157--

#163 (b)

2.0 # 171 -- ---__ _Ij

0.40, 260 BICONIC #178.2

NOT ES: (a) Hetfu itiuinclbainuls tews noted ., T.

(b) Pcsr dsrbto airto

3.0

0 F1O ODL TNAIO POINT
2.2 %in ASUMNG0..52Nk

.7,100 5 TM64
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Figure 13. NOILARE/I heat flux correlation.
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and the 2.0-inch nose radius calorimeter data were not included in the correlation. Figure 19 shows
all the available data acquired from the heat flux calibration models. The conclusion that the heat
flux decreases linearly to one-fourth the value at the impingement point at an axial distance 3.0
inches aft of the impingement point is valid except for the 2.0 inch calorimeter model results. Three
of the data points on this model indicated laminar flow values, and this was confirmed by subsequent
analysis. The blunt 2.0-inch iadius calorimeter model thus experienced asymmetric heating. This
linearly decreasing heat flux was incorporated into all analyses performed after October 15, 1975. I
I rior to this date the heat flux was reduced to one-fourth the value at the impingement location at a
distance 0.50 inch aft. The correlation of NOHARE prediction to the data for the pressure calibra-
tion is shown in Figure 20.

SYM TE P (ATM) RN (IN) P (Pig)TEST NO-

0 158 100 0.5 3000

-.0 / 157 100 1.0 3000
-01 157 50 1.0 1500

'7'< Z 168 100 1.0 3000 R

O 0.8- + 178N4 10 1."30

V (VERNIER) 17 0.50 500

'U

x
AEhOTHERM CORRELATION+ , , 0.4

S (LAMINAR)

-J

(LAMINAR)

0 0 1,,I

0 1.0 2.0 3.0

AXIAL DISTANCE FROM MACH LINE IMPINGEMENT OF MODEL (INCHES)

~Figure 19. Heat transfer correlation outside model test rhombus.

2.4.2 Graphite Ablation Results

Three 994 graphite ablation models were fabricated and tested by PDA during the Design * H
Verification Test Series of the A. N. T. program (Reference 2). The primary objective of the graphite
ablation tests was to calibrate the graphite recession in the BZN/LOX propellant system which pre-
viously had not been used at AFRPL. The nature of the A. N. T. /ERN nosetip design required accu-
rate characterization of the graphite shell recession to assess the overall removal mechanics of the
design. Specifically, burn-through location (desired at the shell stagnation point) and burn-through
time were critical parameters in assessing the removal characteristics of the shell and in facilitating
pretest planning and analyses.

Two models were planned originally, but a third model was needed when the first sharp
model was exposed to an abnormal mixture ratio condition. The graphite recession results are sum-
marized in Table 8. Comparisons of the NOHARE computer code predictions with the measured
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Figure 20. NOIIAR E/111L pressure calibration correlation.

Table 8. Summary of graphite ablation calibrations.

TFST MIOD)EL EXPOSURE 6s AS (1 Ls -As IMMARKS
NO., )T I I ESRD CALCULATFD~' CALC. MEAS.

0 = 7 DEGAS.
IC(SEC) (IN) (IN) MS.

100 RI'L BLIUNT ~ 6.1 0.94 1.00(2 0.061 RI, ATJ Graphite
It =1.60 ie

(Sphere-Cone)

161 A.N.T. BLUNT 3.07 0.48 0.55 0.15 Modlel Blroke ()ff
(.10 iDeg Iliconic) C1  t.0c

164 A. N. T. SHARP 2.416 0.46 0.53 0.18 Retiest
(26 Deg Biconic).

Notes: I. Using Heat Flux Calibration Data for 0.5 it Model; V 1.13

2. Prclimln.ary Heating Data Used with an Estimated Value for Vof 1.2

3. Mudol supplied and Tested by AF:Ill I
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N data from the twvo valdid graphite ablation tests tire shown in Figures 21 and 22 foi' the blunt and ;sharp

mlodels, respectively. These predictions incorporated the latest refinements based Onl the Calibratin
results of Section 2.4. 1 and thc code refinements incorporated after the blunt A. N.T1. 'ERN shell
removal test (Section 2. 5).

-ACTUAL

RECESSIONT

0.50 SEC
0
1.102 FILM DATA
1.654 TEST 161

o.02.2050
- -- -2.156

3.07

Z0.30 0

z
0

0.20 ~NOHARE PREDICTION

0.10 - 0

0.1-

0.00 0.40 0.80 1.20 1.60 2.00 .40 2.80 3.20

TIME (SECONDS)

Figure 21. Bliunt graphite ablation model correlation.

ACTUAL
RECE SSION

0.80 PROFILES

0.64

VA NOHARE PREDICTED
Z 0.48 PREDICTION053

z

S0.32 0.80 0
1.20 1.600 DATA TEST 164

0.6 2.46

0.00 0.40 0.80 1.20 1.60 2.00 2.40 2.80 3.20 3.60

TIME (SECONDS)

Figure 22. Sharp graphite ablation model Correlation.
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The N )IlI H F correlations tol. both graphite alation mtodel tests r Ie goodI. The corn
puitel codle tendked to over-pretlict the i-cces-sioll b\ 15 it) Is~ per cent see TI'hle S), %%hich \\'Is cr.osev
at i\ v. P[I -test alt! post-test lphotogl. rpls of thle sir)and blunt models are shown in I'igurv's 23l$thrloughl 25. I'le blunt mlodel showed anl areva of.1ppa rentlh higher recession on thle 270 degrees s ide
(q the mlodel k\ isible onl thle left side of the 0- dlegI ev i'\%) . This anlomlaly w as At t iibuted to a I heoilmo
sit I tu11 .11 I .iihi o ot tile graphlite from i mprope i suppor't (RCfterenCV 13). The ailucltc VLipitte .1
losso! Imaterial t hat accounited for thle asymmi uetric shape. Tlhuis support pr oblem %\zas co tI ecteti fo r
hew second shlarp mlodel. Except for this problem, the alated lrikshedgoo*d .noroieelent it h

ANT/RPL N/P
MODEL 40921MOE 402

SHARPBLN

Vii.rL' 23. P~ro test photographs of sharp :Iuand blunt gi iphite ablaition mlodels.
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" Figure 24i. Post-test photographs of blunt graphite ablation model.
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: Figure 25. Post-test photographs of sharp graphite ablation model.
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II
The second sharp model test produced an excellent axisymmetric specimen with a stable

equilibrium profile and excellent agreement with predicted recession rates and profiles. The test
confirmed recession rates and probable equilibrium shapes, which enabled final contouring of the
shell removal model internal and external shape and thickness configurations.

2.5 RESULTS OF MODEL TESTS

Two graphite shell removal tests and two tungsten subtip thermostructural tests were

completed during the Final Design Verification Test Series from July through November 1975.
Table 9 summarizes the principal test results, including shell or glove removal time, subtip expo-
sure time, and total recession. Table 10 gives the times of each major event and the respective
chamber pressure at that time. All times were taken from the high speed digital data or measured
from analysis of the high speed films. The chamber pressure profiles for each test are shorn in
Figures 26 through 29. The events summarized in Tables 9 and 10 are also shown on these figures.
From the pressure calibration data and the theoretical calculations, the steady-state values of stag-
nation pressure actually were 103 and 53 atmospheres for the "100" atmosphere and the "50" atmo-
sphere nozzles, respectively, at a steady-state chamber pressure of 3000 psig.

Table 9. A. N. T. /RPL design verification test summary.

PDA MODEL NUMBER 13T-3 BD)- I 'K-4 BM-42

MODEL DESCRIPTION BLUNT FULL-SCALE F1I1.-SCALE SHARP
SUBTIP (PRESI'AVED) (PlFSIL-VED) SUBTIP

BLUNT SI1AR P
ANT/ERN A:NT/ERN
NOSETIP NOSETI P

H1PL TEST NO. 165 169 186 189

TEST I)ATE 7-2-75 7-17-75 10-21-75 11-11-75

sTI.A DY STATE
103 90 103 53

STAGNATION PIESSURE (ATM)

TOTA 1. TIME IN JET (SEC) .. 19 6.37 S.46 9.7S

TIME OF SHELL 0.66 0.99 3.85 2.2.1
Oil GLOVE REMOVAL (SEC)

TOTAl. TIME OF
TUNGSTEN EXPOSURE (SEC) 5.39 4.61 7.54

TOTAL TUNGSTEN RECESSION (IN) 1.00 1.34 2.0 1.80

,.TEFLON GLOVE INSTALLED ON SUBTIP UNITS BT-3 AND BM-4
50 ATMOSPHERE NOZZLE

a1 1

2A:

. ....



Ta'ble 10. . N. T./BPL design ver-ification test events.

11PI 'TEST NUMI3E1t 165 169 186 189

PD)A aNODI INUMBEll B3T-3 IID-4 13K--I DM-4

Model Enters Jet (See) 12.87 7.536 6.485 6.722

Chamber Pressure (PSIG) 1566 486 465 540

Model on q(Sec) 13.00 7.942 6.800 6.875

uhanber7'Vressure (PSIG) 18 0 9 7

Shell or Glove Rlemoved (See) 13.53 8.528 10.333 9.01
Chamber Pressure (PSIG) 2750 1491 2021 2850

Subtip Moves Forward (See) Model InI

Chamber Pressure (PSIG) position at 2590 2750 2974

Subtip In Forward Position (See) insertion 10.757 11.324 10.883
Chamber pressure (PS16) 2570 2796 299.4

Subtip Fragmuentation Time (See) None 13.37 13.55-13.63 13.42-16.03

Chamnber Pressure (PSIG) 2595 2998 2959-2951

Subtip Moves Black (Sec) 17.28 13. 320 14.246 16.413
Chamber Pressure (P516) 2792 2600 2997 2959

Subtlp Leaves Jet (Sec) 17.36 13. 906 14.945 17. 086
Chamber Pressure (PS1) 242 436 258 350

*Time in Seconds from Facility Firo Signal

3200

2800 .. 7

0

2000

1I600.

k. 0
1200.-

Soo

800

4D0

0 2 4 6 a 10 12 14 16 1s 20
TVME (SEC)

Figure 26. Chamibexi -e--surehsoy-tP.Ts 6 (bln suip)

pi e istry- HIT 10 Wil k1tp1
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PDA MODE 5:)-4

0

0 0,

-. 0

000

0.03 2.03 4.,v X.0 8.00 10.00 15.00

TI.Vf (SEC) L0 1S0Fiur 27. Chamziber psr histort- - RPL Test 169 (blunt removal test).

SUBTIP FRAGM11ENTATiON
(C.RACK BURN-THROUGH)

SUBTIP IN FORWARD POITION mSUBTIP MOVES
BACK

SUBTIP MOVES FORWARD

3,200 - ACOUSTIC SIGNAL BECOMES NOISE CEASES
f ~~~~EXTREMELY NOISY HA V AE

2,800 - (SHEAR WAVE GAGE) HADDITIAVGAE

SUS ~OTIONA22 -0 PRIMARY SHELL REMOVED - 'FRAGMENT ATIONN-HRUG(STAG. REGION BURN-HOG2, 000 /PUNCH OUT AND
PRESSURIZATION INDUCED FAILUREiIE Mi20 ODEL ENTERS JET BI LAE

< 0 J(DCLD--2.S0-I) ;=.0 12.00L2.0-)V

40.0

2.00 4.00 TIME00 l~ o 20 1.0 160

TIE(SEC)

-~Figure 28. Chamber pressure history 1 R131. Test l1S6f (sharp removal teqtl.
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THREE PIECES LEAVE SUBTIP

SMALL PIECE LEAVES SUBTIP

MODEL MOVES FORWARD -7

BRIGHT SPOTS APPEAR / MODEL MOVES
3,200 -\ BACK

TEFLO N CO VER R EM,'O V ED PC \D O WN. .

-2,800
- I '~MODEL FULL FORWARD

-20ACOUSTIC SENSOR SIGNAL DISAPPEARS

. 2,000 (PRELIMINARY K WEST DATA)

1,600

<1,200 - / EDu MODEL @ -END OF PREHEAT

DCL-2.50-1N IT

DCL=2.50-1N

400 MODEL ON CENTERLINE iN

00011
4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00

TIME (SEC)

Figure 29. Chamber pressure history - RPL Test 189 (sharp subtip test). -f

2.5.1 Test 165, Model BT-3, Blunt Subtip

This blunt thermostructural subtip model was tested without the molybdenum overlay and

without the forward heatshield skirt. A teflon cover was used to delay exposure of the model until

steady-state motor conditions were achieved. Figure 30 shows the pre-test photograph of the model. r
The model entered the exhaust jet 12. i7 seconds after fire signal. The teflon glove was removed

0. '6 second later at 13.53 seconds from fire signal. A review of the test films indicated melting

over the spherical portion of the model with rivulets of molten tu;.gsten flowing off the nosecap along ;-Z

the sidewall and onto the heatshield. Roughened, longitudinal groove -like patterns were formed on I-_!

the sidewall, possibly formed from vortex shedding of flow from the rivulets of molten tungsten at

the model shoulder or, alternatively, from the flow of molten tungsten over the softened tungsten.

Additionally, crosshatching was evident over the sidewall areas with regions of fully developed seal-

lop patterns. No fragmentation or loss of tungsten was observed (luring the test, although the model

was found to be cracked upon post-test inspection. Liter analysis, discussed in Section 2.6.2, sub-

stantiated that internal cracking probably occurred during the test. The test model showed an appear-

ance of asymmetric flow in both the stagnation region and the sidewall. The 0- to 90-degree region

(looking into the nozzle) of the subtip indicated a region of high heating. possibly the boundary layer

transition location aft of the tangent point. The stagnation region assumed a blunter profile for this -

region. The other rays tended to show a high probability of transition on the shoulder or sonic
region because of the sharper equilibrium profile. These rays did not show a pronounced increase

in heating and recession on the sidewall.

Cracks were visible upon post-test inspection on the l1t3L sting. The cracks appeared

much as indicated in the photographs in Figure 31. Note the segmented nature of the cracks. The

shear wave acoustic sensor failed to function and no recession data were acquired.

i! .16
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25. 2 Teat 169, Model l1I-4i, Blunt A.* N. 'I' / 1;IN Ti'll

Thew blunlt shetll remuloval 11o0d1,1 W1114 teste'd With tit( tull-mcalt. shvll cnfitgurit ion , forward
sI% lit, Wni OVt1'lly COmponntsll intact. neh shil1ii mvi ffl'ze l m i tlIV flighlt dt'sil 0only ill thlt, thet si'!

p% 14I''S fit Vt-il to It b)iconIC sha11pt to reduce! thev thitckness ill thlt s401iC :'t'gIOnI 11n14 thereby IiN 10W(1' tht'
pirobabil Iity or thlt'ti"101tI l1 fafilure'. Figuit'- 312 AlhOWN a l)I '-test j)lIOtOgl'tipii Of this blutlt' 1(1
remloval mitdel.

Figurt' :12, I're-tcest piiotm'graph or blunt shell re-moval modeli no I)-

TiV iit'pi iiiti'Y n' II t'i tt'K't'tI the eXlIaUSt at 7. 5:16; seonds afil' thet fit i( signall. At 23.
to S. 25 s-condis. * igh speed motion picturvc covt' rape inclicatti pattkl imi1tatH onl tht' shll. Tho
shiell wvas t))s(' rvecl to C1,1104 at Z4. 52:3 sIcoMn. Pyro meI(te1 ulad then iiilocotiplc data findi(atv'il thtll(i,
wa colpetl 1've d by .1. 52S seconds. liii' stthtip mioved forward at 10. 272 sec-onuls and wm s
titt' zminim to I), rull-rot-wancl at 10. 757 st,cotics. The( modelt sla:rtvd batck at 1:1. 310 scotids alld
notaItet(i out Of thlt e1Xhaujst ait I :1. 9Of; S'onis . lievievw of thet m~otion picturt.'5 indi(!att(I tungsten util
failurev appi'oxiiiiattely 0.,.25 mi'conul before shutdown, Or I:;. :i17 st'condis. Tm best vvidenice of th I
ajpewart'd oil the( fac'ility c'amerasllj Which captiu red thev trajecvtory of ti-v lmec sgint'nts thait were.( vjt'' ived
from tht, mlodl. The loss of 1sub1tipl material wa",s from the thirdt quadlrant ; I * . , from ISO0 to 270

ulges(looking itto the nozw/.l). The pogahs i Figure- .1:1 c'lea ly shothe 11 e'xtent anlti[ loct'~ ion
of the( loss.

,I'it. pOst-tesmt plittognapli of tis iode'l ( Figun .'1.1) shlow at differenvit pietti re oif the fi Ingsten
from tue( first tilt, r, oostructraIl tes1t (ig :'e 1). TheV se'gmentedt fracturing is Si imilar to theii ral-t
test; hlowver,, thiattrt or. charatervi of thev Il~t lilye' Si*, s itlll r-oughnes11s, 11nd( V'i'Os Hatc:141 emlo
i'orma1,tiOnl is4 modifie'd, beinig less1 111o01101111t4 iln this test.

A sigifiicant oveu ni-i'ee obsc'r vei in, tilt fit, Ini coT' rage was Owit appea. r anev of at siock
fildlucd Within the( nloz'te, resmulting Ill it staniding shock imiping-mitt oni tilt, sphirit'al port ion of th
nliotlt'l duiiring tit(' prehelat tranls lt. IFurth lis 1c'ussion of tis shoc!4 formation is pritti in,
Section 2. G. 1.



Figure 33. Post-test photographs of blunt shell removal model BD-4.

2 5.3. Test 1,6. Model BK-4. Sharp A. .T./ERN Tip

The sharp A. N. T.. ERN shell removal model, designated BK-4. was identical in configu-
iration and components to the sharp flight model with the exception of a pre-shaved biconic shape for

the shell to lower the probability of thermostructural failure. A pre-shaved thickness of 0.30 inch
at the stamation point was selected to ensure burn-through at the stagnation point. Figure 34 shows
a pre-test view of Model BK--I. Table 11 is an event summary of Test 1;6.

The model entered the exhaust at 6.4S5 seconds .after the fr _ility fire signal The model

was in the preheat condition until 9.933 seconds. Motion picture coverage indicatid particles i.
pinging on the model during this pr-heat phase. causing some material loss cm the shell. The extent
of surface damage or materi.d lo.s was not completely discernible, although bright spots were evi-
dent where impingement losses occurred. One area on the 0-degree meridian near the stagnation
point showed an indentation in profile on two cameras. Later frames seemed to indicate that burn-
through occurred in this general area. The evidence of burn-through or "punch-out' of the shell
near the stagnation point was captured on film at 10.333 seconds and is shown in the photographic
sequence shown in Figure 35. taken from individual movie frames. After punch-out occurred, the
flow entered the intei ior of the shell at near-stL-nation pressure. The unequal force that was imme-
diately generated tended to thrust the shell forward as seen in Frame Number 2. The forward thrust
was arrested as flow proceeded out the increasing annular area created at the aft bond area of the
shell and, concurrently, the shell failed as anticipated from the internal pressurization. The shell

shattered explosively and the small pieces were c.rried clear of the afterboi" by the exhaust flow.
The ATJ-S cruciform section and bearing cap were seen to rotate clear in the fifth frame. The final
frame showed the exposed tungsten :.ubtip with its attendant bow shrck. This entire sequence was
accomplished in 0.005 second. The stagmation pressure at the time of burn-through was approxi-
mately 69 + I atmospheres, which was lower than the 90 atmospheres predicted in pre-t.-st calcula-
tions. The lower pressure was the result of the earlier burn-through time. whieb may have been
precipitated by the early particle impingement and material loss in the stagnation region.
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Figure 34.- Pre-test photograph of sharp shell removal model BK-4.

Table 11. Event summary of RPL!A.-.N.T. Test ZSC. shar-p 994 model BK-4.
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The subtip was moved forward 10. 852 seconds after the fire signal. From film coverage,
subtip fragmentation was seen to occur 13. 55 to 13. 63 seconds after fire signal, and this was sub-
stantiated by thermocouple data. Figure 36 shows tungsten fragment losses taken from the motion
filn frames. Additional fragmentation occurred during the shutdown phase as the subtip was bcing
rotated from the exhaust. The acoustic sensor signal disappeared at 10.36 seconds, immediately

after the shell removal, and no data were acquired during subtip recession and failure. Post-test
views of the model are shown in Figure 37.

4R

Figure 36. Tungsten subtip fragmentation during Test 1S(.

5:3



Figure 37. Post-test photographs of sharp model BK-4.

2.5.4. Test 189, Model BNI-4, Sharp Subtip

The sharp tungsten subtip was tested using thle lIPL 50-atmosphiere nozzle (all other tests

were performed with the 100-atmiosphiere nozzle). Calclilations of the subtip response at the 50-atmio-

sphere condition predicted approximately the same probability of crack initiation as in the cleair air

flight; hence, the decision was made to test at the less severe condition. It w~as to be understood that 9

thle probability, of crack burn-through wvas significantly higher in thle ground test than in the clear aiir

flight. The primary difference in thc crack burn-through probablltice, was thle result of thle prehleat

onl the flight subtip ensuring a ductile -brittle transition temperature (DBTT) location penetration into

thle mnaterial, wvhereas the RPL thermiostructural test-- produce a nearly instantaneous heat-up of a

JA

cold tip and, hience, have a much reduced penetration of the DBTT location. A complete discussion

of the analysis is given in Section 2. 6. 2. A pro-test photograph of Model BIN-1 is shown in Figure 38'.

Table 12 summarizes the events of Test 189.

The model entered thle exhaust at 6.722 seconds after the facility fire signal. The teflon

glove wvas removed] at 9. 01 seconds. Thle film data showed the appearance of bright spots onl thle side-

wa':ll at anl axial location of 2 to 2. 5 inchies from thle stagnation point at 9. 63 seconds. The spots wvereA

distributed] circuniferentlally over 360 degrees at this general location. Fractures appearedI soon

afterward onl the sidewvall. The subtip w~as moved forwvard and in position at 10. 88:3 second--s. Small

pieces were observed to leave thle shoulder area at 15.42 seconds and additional pieces, further aft.

were removed at 16. 03 secondIs. The subtip was moved aft at 16.413 seconds and rotatedI ouit of thle

exhaust at 17. 086 seconds. Post-test views of thle tungsten subtlp are showvn in Figure 39.

I

4i

5$7



.. ........

9-Ms



C)

E9o

_4 N t-C n i r ~

C))

EEL_
L4 : L) toCD -no 0 C) nt- ZCt2)

Loroe u C

Cl)4 ACI .

'-44

.4.4fl ,.. >
C)4 - -

z _C1 r_ Z

*t C)
<~~~ "~ .01C~ -f in~~C'~ 0

CNC ) C)c-
u u4

V)C -lZo

r- C)C_

7.-J
4

_X a 4

654-



j2700• 1800

Figure 39. Post-test photographs of sharp subtip model BM-4.

2.6 DISCUSSION OF RESULTS

This section discusses the results of the verification test series as a whole. Rather
than discuss the results of each test separately, the results, as they affect each A. N. T. /ERN com-
ponent, are addressed as follows:

* Primary Nosetip Performance

* Subtip Performance
* H1eatshield Performance

* Instrumentation Performance

2.6.1 Primary Tip Removal Performance

One objective of the design verification tests was to evaluate the removal characteristics
of the blunt and sharp 994-2 graphite shells in a thermostructural environment approximating flight
severity. The sharp and blunt nosetip shells were critical components in the flight test nosetips
designed to provide recession data for the monolithic tungsten subtips beginning at a specified altitude
(35 5 kft) at which weather may be encountered by an operational vehicle. For the flight test pro-
gramn, the desired operational sequence leading to subtip exposure was as follows: 1) ablation burn-
through near the stagnation point at 35 t 5 kft, followed by 2) internal pressurization, and 3) shell
fragmentation and positive separation and expulsion from the vehicle. The primary nosetip configu-
ration is illustrated in Figure 9.

Initial pre-test thermostructural analyses were performed for exposure of the flight-
design graphite shells in the ABRES/AFRPL rocket motor facility with the BZN/LOX propellant
system. The results of these analyses indicated a probable thermostructural failure before burn-
through due to the suddea exposure to the extremely high heating rates in this facility. To increase
the thermostructural margins-of-safety, both sharp and blunt nosetip shells were modified by
removing material on the spherical nosetip to reduce the wall thickness in the sonic region. The



resultant biconic shapes were found to have thermostructural margins-of-safety similar to, but
lower than, those predicted for clear air flight. The purpose of the following discussion is to corn-
pare the results of the thermostructural analyses with the observed response of these shells and to
assess the performance capability of the flight designs.

Zij2.6.1.1 Method of Analysis

All thermostructural analyses were performed with the finite element SAAS III code %
(Reference 1.1). These analyses accounted for: 1) temperature-dependent material properties;
2) time-dependent shapes, pressure loads, and internal temperatures; and 3) differences in tension/
compression properties. The graphite material properties used in the pre-test therniostructural
analyses were the same as those used in the detailed design studies (Reference 2), with the exception
of slightly higher free thermal strains. The properties, shown in Table 13, were the best properties
data available at the start of the design verification test program.

In modeling the reaction forces of the split internal structure against the nosetip surface,
it was assumed that the epoxy adhesive at the aft end of the nosetip would pyrolye fully during the
rocket motor pre-heat phase to leave a free-standing shell. Pressures of the form Posin0 were
applied on the forward interior shell surface: where 0 is the local slope of the shell boundary inca-
sured from the horizontal axis, and Po is a constant. At each rocket motor exposure time, P0 was
chosen so that reaction forces of the internal support structure balanced the total nosetip airload in
the axial direction.

Nosetip margins-of-safety were based on 95/95 strain allowables for truncated 99.1-2
graphite. These allowable across-grain and with-grain strains are shown as functions of tempera-

ture in Figures -10 and .11 (Reference 15). A biaxial failure strain criterion developed successfully
in the LORN program (Reference 16) was used to calculate margins-of-safety according to:

1MS 1 100
2 (1)

fmax maximum principal strain in HZ plane

A = 95/95 allowable strain in maximum principal strain direction

EWG =with-grain strain

B = 95/95 allowable strain in with-grain direction

It should be noted ti-1 the above formula accounted both for the maximum principal lZ strain pro-
dicted on a nosetip shell and for the allowable strain in that direction.

All pre-test analyses were made using the methodology described above. For the blunt-
design shell, a minimum thermostructural margin-of-safety of 18 percent prior to burn-through
was predicted when the nosetip is inserted into the test stream 0. 5 second before the end of the

' l 5
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rocket motor pre-heat igniter phase (Reference 17). The pre-test conclusion was that there was a
high probability of obtaining an accurate evaluation of the primary nosctip removal mechanism in the
design verification test.

On July 17, 1975, the blunt-design shell was tested in the ABRES/AFRPL Rocket Exhaust
Facility. Test pyrometer and thermocouple data showed that the nosetip shell fractured 0.99 second
after entering the rocket exhaust stream. Post-test reviews of the facility camera data showed con-
clusively that the shell failed thermostructurally near the nosetip shoulder well before ablation burn-
through. Post-test analyses vere directed at finding reasons for the thermostructural failure of the
nosetip shell. These analyses included a review of the structural analysis methodology, particularly
possible deficiencies in the failure criterion which could explain the observed shell failure. To estab-

lish an improved failure criterion for these nosetip shells, the Priddy stress-based theory for brittle
anisotropic materials (Reference 18) was adapted to 994-2 graphite using tensile test data obtained
for the Material Requirements Definition (MRD) program (Reference 19). This theory accounted for
multiaxial loading including shear, stress interactions, and volume and statistical effects. A detailed
description of the Priddy criterion and its application to 994-2 graphite nosetips is presented in
Appendix A. Comparisons of post-test results using both the Priddy criterion and the LORN criterion
are described in the followving section.

2.6.1.2 Results

The blunt-design nosetip shell was tested in the RPL facility on July 17, 1975. The
model was rotated into the rocket exhaust stream about 0.5 second before the end of the rocket
motor pre-heat igniter phase. Facility camera, pyrometer, and thermocouple data showed a frac-
ture of the graphite shell initiating near the shoulder region after approximately 0.99 second of
exposure. Post-test reviews of the camera data showed positive separation and expulsion of the
nosetip and internal support structure within 0.005 second after observed crack initiation with no
visible damage to the remaining components of the test model. From the test chamber pressure
history it was determined that the shell fracture occurred during ramping from the reduced "vernier"
pressure level to the final steady-state pressure. Figure 42 shows the stagnation point recession
predictions based on actual test conditions, including the start transient. At the observed failure
time, the nosetip was exposed to appi oximately 50 atmospheres stagnation pressure and had ablated
approximately 0. 025 inch of the original 0.250-inch stagnation thickness (see Figure -42). In other
words, the thermostructural failure occurred well before planned ablation burn-through and was
attributed to a build-up of internal multiaxial stresses in the nosetip following sudden exposure to
tie exhaust flow environment.

To investigate the thor.nostructural failure, LORN-based and Priddy-based margins-of-
safety for tie nosetip shell were calculated. The thermal boundary conditions were computed using
a revision to the pre-test analysis that corrected an error discovered in the reference state used to
define the solid-wall enthalpy. The error was found to cause an under-prediction of the surface
temperature by about 500 - 800°F. The thermal analysis also accounted for the effects of a nozzle-
induced shock wave that impinged on the shell model, as shown in Figure 43. The results of these
post-test analyses are presented in Figure -14 and are summarized below:

1. Shock wave heating augmentation from nozzle wall discontinuities
was not found to affect the thermostructurai response of the nosetip
shell.

2. Margins-of-safety based on the Priddy criterion were found to fe
similar to, but lower than, margins-of-safety based on the LORN 3
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Figure 44. Margins-of-safety foi blunt shell.

criterion. Differences in the calculated margins-of-safet- were
not enough to explain the thermostructural failure.

3. Much lower margins-of-safety were calculated using the post-
test thermal analysis with the corrected enthalpy reference
state. These lower margins-of-safety were a consequence of
the higher graphite surface temperatures predicted in the revised
analysis.

Post-test analyses with the improved structural analysis methodology and reference enthalpy correc-

tion were found to provide a reasonable explanation of why the thermostructural failure occurred.
as well as the approximate time and mode of failure. The overall conclusion from the post-test anal-
yses was that the blunt-design graphite shell vas exposed to a thermostructural environment of
greater severity than had been indicated by the pre-test analyses.

For design verification testing of the sharp-design shell, an extended rocket motor pre-
heat of at least 3 secunds was recommended to increase the survivability of the shell prior to ablation
burn-through. Pre-test analyses that included the effects of a 3-second preheat period at the vernier
operating condition indicated margins-of-safety similar to, but slightly lower than, in flight
(Figure 45). A maximum probability of thermostructural failure of less than 1 percent for this test
was predicted after 0. 5 second of exposure. It was concluded that the revised design verificaion
test would provide an accurate evaluation of the primary nosetip romoval mech.aism.

On October 21, 1975 the sharp-design biconic shell was tested in the ABRES AFRPL

Rocket Exhaust Facility. The nosetip shell entered the exhaust stream approximately 3.51 seconds
before the end of the rocket motor preheat igniter phase, in general agreement with pre -test recom-
mendations. Facility cameras showed that during this preheat period, rocket motor particles im-
pacted the nosetip shell causing some material loss to the nosetip. Bright spots in the film could be
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Figure 46. Stagnation point veession history of sharp
primary biconic nosctip, Test I,)(.

design ill the shell removal test onl July 17, 1975 (S/N 13D-4). The sharp subtip designi was tosteI
as a bare iiosctip onl November 1.1, 1975 (S/N l3M-.l). The steadIy-state recession rates of thle tungtsten
subtips. as measured froni, the high :;pecd film data for each test. are given ill Figures .17 through 50, 6
respectively, Ini the remainder of this sectionl, thle results of tiler melstructu ral analyses are compared

with the observed response of these monolithic subtips to assess their porformauce capability for-
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Figure 48. Blunt tungsten subtip axial recession history - Test 169.
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2.6.2.1 Method of Analysis

All thermostructural analyses of the tungsten subtips were made using the SAAS III codc
(Reference 14) with temperature-dependent material properties. All analyses accounted for time-
dependent shapes, pressure loads and internal temperatures. The most important consideration in
predicting the response of these subtips was the extremely brittle behavior of tungsten below the
ductile-brittle transition temperature (DBTT). At the start of the A. N. T./ERN program, the mate-
rial data that were required to account for the brittle behavior below the- DBTT and for inelastic

yielding above the DBTT were not available. Just as important, no proven failure criterion had yet
been developed for tungsten nosetips.

At the start of the A. N. T./ERN progrnam, properties for tungsten were based on limited

modulus of elasticity data, axial direction strengths, and free thermal strain data that were charac-
teristic of tungsten as a generic material. At that time, thermostructural analyses were made with
linear-elastic material properties. Stresses from these analyses were greatly overpredicted and,
as a result, generally exceeded an assumed 100 ksi allowable stress. For this reason, only compari-
sons of relative response severity were meaningful, and absolute indications of thermostructur.d per-
formance capability had to be based on ground test results.

During the A.N. T./ERN detailed .csg n studies, analysis methodology was modified to
account for inelastic yielding in material above an assumed DBTT of 4000 F. In addition, the Priddy
stress-based failure criterion for anisotropic materials was adopted for tungsten, using limited axial
direction strength data and two measured transverse strengths at 500 0 F. These major improvements
in analysis methodology, described in Re.erence 2, gave brittle margins-of-safety, based on 50,'50

67



allowable strengths, that accounted for multiaxial stress interactions, including shear. Since that
time, the results of a large tungsten characterization program conducted at Southern Research Insti-
tute (SoRI) and at the Illinois Institute of Technology Research Institute (U1TRI) for the A. N. T. /EIN
program became available (References 20 and 21). Transverse strengths near room temperature
measured in this characterization program were much lower than had been estimated previously.
All final design properties obtained from the characterization program were incorporated into all
subsequent thermostructural analyses. The final mechanical properties used in the SAAS III analyses
are shown in Table 14; the matrix of nine strengths required by the Priddy failure criterion are shown
in Table 15.

All pre-test analyses for the design verification tests of the sharp- and blunt-design sub-
tips were made using the methodology just described. Analyses based on the A. N. T. /ERN program
characterization data with the Priddy failure criterion indicated small but positive margins-of-safety
for exposure in the AFRPL facility at 100-atmospheres pressure with the BZN/LOX propellant sys-
tem at an oxidizer-to-fuel mLxture ratio of 2.8. Since margins-of-safety were calculated for the
worst-case finite elements using average strength allowables, it was concluded that the probability
of thermostructural survival was in excess of 50 percent.

Internal heat-up fractures in the first blunt subtip test and catastrophic failure in the
second blunt subtip test demonstrated conclusively that the monolithic designs had much lower per-
formance capabilities than had been indicated by the pro-test analyses. For this reason, the thermo-
structural analysis methodology was modified to account for: 1) volume effects believed to have had
an important influence on the test results, and 2) the propagation of cracks caused by transverse
stresses and subsequent ablation burn-through to these cracks. These improvements in analysis
methodology were made during the design verification test program in the period of July through
September 1975, and are described in the following paragraphs.

2.6.2.2 Results

On July 2, 1975, a blunt-design subtip was tested in the ABRES/RPL facility (Test
Number 165). Although no catastrophic failure was observed during 3.83 seconds of rocket motor
exposure at 103 atmospheres stagnation pressure, post-test metallographic examination revealed
internal (heat-up) fractures induced by transverse (hoop) stresses. It is believed that for a slightly
longer exposure test, ablation burn-through to the cracks would have caused major losses of subtip
material. A second blunt subtip, tested on July 17, 1975 (IIPL Test Number 169) as a component
in the primary shell removal test, was exposed to 90 atmospheres stagnation pressure for 5. 39
seconds and failed catastrolhically from transverse direction (hoop) stresses. Post-test data reduc-
tion of acoustic sensor data obtained from Test 169 indicated internal crack initiation in the subtip
after 1. 15 seconds of rocket motor exposure. Film data from facility cameras showed ablation burn-
through to these internal fractures and subsequent loss of subtip material after '1.84 seconds of
exposure.

Post-test thermostructural analyses, including the effects of film-observed shock impinge-
ment and corrections to the thermochemistry model, did not alter the pro-test prediction. Margins-
of-safety in excess of plus 6 percent were predicted for worst-case subtip elements (Figure 51). In
other words, the observed failures in these subtips could not be explained with the analysis method-
ology used at the start of the design verification test program. It was postulated at this time that
catastrophic failures in these subtips were the result of volume effects in material below the ductile-
brittle transition temperature. For brittle materials, allowable strengths are dependent on the
stressed volume. Since the critically stressed volumes in the monolithic subtips are much greater
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Table 15. Low temperature average strengths for extruded 2 percent thoriated tungsten (ksi).

NOSETIP VI .72 3 R 4  85 6 87

994-2 Primary Shell 25000 -40 2000 2.96 8 2.75 300 Clear

2-2-3 C/C Primary Shell

Design Sequence 2 25000 -30 2000 2.96 8 3.88 300 Clear
Design Sequence 3B  25000 -30 2000 2.96 8 4.63 300 Clear
Design Scquence 4 25000 -30 2000 2.96 8 1.38 300 Clear

TZM Subtip

Deslgn Sequence 7 25000 -30 2000 1.60 19.33 5.00 33 ESI 5.8

Tungsten Skgmented Subtip

Design Sequence 25000 -30 2000 1.60 30 4.05 30 ESI 5.8

1 Reentry Velocity ft/sec

2 Reentry Angles degrees

3 Ballistic Coefficient psf

4 Nose Radius inches

5 Cone Angle degrees

6 Overhang Length Inches

7 Exposure Altitude kft

8 Weather

* VPIDIY" FAILUIU CWTnI t2)N

* 0 1O/$ STfGIIA

ii IOTHEAG

a SmOOTt ifATlIG

o 0
S12 a

F la0 0 A
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A

0
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0
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0.4 0.5 1. I .42

IME OECOiDm

Figure 51. Margin-of-safety predictions
for blunt subtip in 11PL.
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than the tensile volumes of the test specimens used to obtain the strength data base, the allowable
strengths for these subtips should be degraded substantially. In order to account for the dependence
of allowable strengths on stressed volume, a Weibull distribution was fit through all of the low tem-
perature uniaxial strength data that had been obtained from the recent characterization program
(Figure 52). The distribution was used to correct the brittle allowable strengths to finite element
volumes. Using the Weibull statistics, the probability of crack initiation in any fine element volume
was calculated from the proximity of the stress vector to the Priddy failure surface. The overall
probability of crack initiation in the subtip was then calculated from the cumulative product of finite

element survival probabilities over all brittle elements.

0.9 NRA M C'
DATA IN 3D T1.f ANC,.-

CtIAEd tUM' v1XsGt

AND 1RANM.RSE C'A*;A.

05F -

.10

0 4

,f

az

L
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0C, 01 Q,, 09; 1d I I IZ I

Figure 52. Weibull model of brittle strength of
thoriated tungsten.

The post-test analyses then were re-evaluated using this methodology, and the results
indicated very high probabilities of crack initiation in the blunt subtips (Figure 53). In the case of
Test Number 165, these predictions are in reasonable agreement with a crack initiation indication
from the acoustic-sensor attached to the subtip shank. For the first time. crack initiation in blunt
monolithic subtips was correlated by the post-test analysis. The thermostructural failure., in the
blunt monolithic subtips were attributed to:

1. 11igh multiaxial stresses,
2. low transverse direction strengths and.
3. large critically stressed volumes.
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Figrurc 53. P~redicted failure probabilities for
A. N.T./IERN subtips in Rl'L.

To further explain the test results, thc analysis methodology was extended to include a
prediction of when a catastr-ophic failure (i.e.., loss of solid mnateria'l) in a subtip would occur following
assumed internal crack initiation. This extension was necessary because the thermostructural anal-
ysis methiodology only gives a prediction of internal crack initiation in the subtip. Assuming that an
internal crack resulting from transverse stresses does not progress for .vardl beyond the 1)BTT loca-
tion in the subtip, catastrophic failure will not occur until sometime later when the outer surface of
the subtip ablates to that location. The delay between crack initiation and sub~sequent crack burn-
through can be estimated from stagnation point ag.recession histories and DBTT location histories in
the thiermial analyses.

To summarize, the followingr procedure was usedl to obtain probabili ties of crack burn-K
through in the subtip:

1. Inelastic stresses in the nosetip during the test were calculated w~ith
the SAAS III code as functions of time.

2. P~robabilities of crack initiation in each finite clement were calculated
with. the Priddy stress-based criterion with statistical and volume effects
included.

3. Overall probability of crack initiation ly. was found by cumulative
p~roduct over all brittle elements.

I. Anintenal crack initiating at any tinrp. t . was assumed to propa-
gate forward to the -1000 F isotherm. ZI)I3TT.
I. Te subsequent crack lburn-through time, t,,). wa-s found by observinit
when the ablation profile reaches ZlDlBT.

6. P.- versus tbt Points were p~lotted to ob~tain the probability of crack

burn-through curve.
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This method provides a comprehensive procedure for describing the thermostructural
behavior of tungsten nosetips. It was first applied to results of ground tests of blunt subtips in TesL
Numbers 165 and 169 (Figures 5- and 55) and was found to explain: 1) the mode of failure, 2) the
strong likelihood of failure in monolithic designs, 3) the sensor-determined time of crack initiation,
and 4) the subsequent film-observed burn-through time.

* A.N.T. 'LiIN 1I.U%T SUB-'lI'
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I
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Figure 5-4. Ablation/DBTT location histories.
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Figure 55. Probability of crack emrn-through.
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Subsequently, pre-test thermostructural predictions with the methodology described above
were made for design verification tests of the sharp subtip in the ABRES/RPL facility. Probabi!ities
of crack initiation for exposure at 50 atmospheres stagnation pressure are shown as a function of time
on centerline in Figure 56 and are compared to clear air flight. The calculated peak probability of

crack initiation was found to be approximately the same in ground test as for clear air flight (approxi-
mately S0 percent). On November 14, 1975, the sharp subtip model was tested in the RPL facility
for 7.54 seconds of exposure at 53 atmospheres stagnation pressure (Test Number 189). Film data
from facility cameras showed bright spots on the model sidewall two inches from the tip 0. 6 second

after teflon glove removal. These were believed to be the result of internal cracks generated by
transverse (radial) stresses. The estimated probability of crack initiation at this time was approxi-
mately 75 percent.

100 * PRIDDY FAILURE

RPL TIIEORY
' 100 AT.MOSPltERES

100 AMOSPI~n * VOLUMNE EFFECTS
5 50 ATMOSPHERES !NCLUDEDz

so

0
* 40

FLIGHIT
(Tl CIME FROVM
35 K FT)

0

20

0. A 1.2.0 .

TIME (SCON)

Figure 56. Sharp tungsten subtip thermostructural response.

2.6.2.3 Conclusions and Recommendations

The following conclusions and recommendations were made:

1. Monolithic subtips of thoriated tungsten tested at RPL had internal

(heat-.up) fractures induced by transverse direction stresses.

Thermostructural analyses indicated high probabilities of crack
initiation in these tests. Since the thermostructural response in
a ground test exposure %%as comparable to that for clear air reentry,

it was recommended that monolithic subtip designs not be flight

tested.
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2. Internal fractures in the subtips were attributedi to large nmultiaxial
stresses, low room-temperature strengths in the subtip material,
and large critically stressed volumes.

3. The structural analysis methodology which evolved during the
A. N. T. /ERN program has been successfully applied to design
verification ground test models; it is believed that these methods
successfully describe all the essential features of the thermo-

structural response of tungsten nosetips.

2.6.3 Skirt Ileatshield Performance

The data summary given in Table 16 shows the maximum measured recession at the
nosetip/heatshield interface region. Detailed post-test analysis of the heatshield recession perform-
ance w s not performed because no anomalous behavior of the skirts was observed. The nosetip/

I heatshield joint region experienced the largest recession in each test and therefore determined heat-
shield thickness requirements in the design. Note that wvith the 100-atmosphere nozzle, the heatshield
location of interest remained outside of the test rhombus in both the shell removal and the thermo-

structural configurations. Since the model was moved forward in the shell removal tests, the heat-
shield saw a varying heating environment based on the position of the interface location relative to
the Mach line intersection as a function of time (see Section 2..). Evidence from previous tests
(Reference 2). as well as the present results, suggested that the int rface location experienced higher
reccssion than %%as predicted from one-dimensional charring ablato. codes. The difference resulted
not only from the two-dimensional conduction effects contributed from the hot subtip, but also from
scouring of the char structure by a high shear environment. Further analyses would be required to
characterize fully the response in any particular exhaust environment.

The higher sidewall recession on the heatshield for Test Number 1S9, which was run in
the 50-atnosphere nozzle, was attributed to the larger test rhombus, which enicompassed the location
of interest. Hence. the heat flux was not reduced as in the 100-atmosphere nozzle tests.

Since no anomalous behavior of the heatshield was observed, it was concluded that theI skirt heatshield configuration was adequate both structurally and thermally for the planned clear air'1 flight test environment.

2.6.4 Instrumentation

The instrumentation on each test consisted of internal thermocouples. optical pyromleters.
and an acoustic recession sensor. In addition, strain-gages were mounted on the aft structure of
both sharp-design subtips to measure possible bending loads on the nosetip (luring primary nosetip

-removal (Test 'umbers 1S6 1and .;91.

2.6.4.1 Thermocouple Instrumentation

ti The performance of the thermocouples on each test model is summarized in Table 17.
On the average, data were obtained from *4 percent of the thermocouples that were installed. The
remaining thermocouples either were defective after final model assembly or failed during the tests
due to either vibration or shock loads.

It should be noted that all 26 thermocouples on each of two flight units that were deliv-
ered survived acceptance %-ibration testing (0. 1 g 1z successfully. arxi all were operating after

L[ installation on the flight vehicles.
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Table 17. Summary of thermocouple operating performance.

TEST NU.BER

165 169 16 S9 TOTAL

No. of Thermocouples Installed iS 26 2C iS SS

T/C's Operating at Start of Test 16 24 24 17 S1

No. of T/C's Giving Useful Data 16 20 22 16 74

Table is summarizes the performance of each individual thermocouple in each test.
Either the failure time of each backface thermocouple is indicated, or the temperature at the end of
the test is given in parentheses. The purpose of this table is to indicate the consistent response of
the thermocouples at each location. The thermocouple locations for the design verification test
units were identical to the locations in the respective flight units. For example, the primary tip
removal thermocouples failed at b. 52 seconds and 10.34 seconds on the blunt and sharp shell removal
tests, respectively. The film data indicated that shell removal actually occurred at S. -3 and 10.33
seconds, respectively. Confirmation of shell removal, therefore, was in excellent agreement for
both designs. In addition, thermocouples A6 and B6 showed positive responses at the times of subtip
fragmentation that occurred in Tests 169 and 186.

Additional data obtained from the heah'hield backface thermocouples are shown in
Table 19. From the data for Test la6, ehe forward heatshield stripback rate -as deduced and corre-
lated with the film data. The indicated stripback rate was 0. SS to 0.95 inch/sec. This techniEue for
measuring heatshield stripback would be especially valuable during a weather reentry test.

2.6.4.2 Opical Pvrometer Instrumentation

The overall performance of the optical pyrometer data wais d; appointing and subject to
-:e ;eertainties in the inicated temprantures. The disa ointing performance wa due nrimarilv

to obscuration of the surface by clouds of unburned feel. The clamber ,Aalls are cooled by the spray-ing
of fuel which does not combust completely before exiting the nozzle. The fuel-rich region. with its
attendant dark. carbon-rich cloud tends to obscure the model eilber co=!inuously or intermittently.
The pyrome:er data were used primarily in these tests as a potential indicator of shell removal.
since an abrupt change in the readings should signal the event. Correlation -ith the motion picture
timing and thermocouple data was used to determine the actual removal time. AFRPL is actively
pursuing facility refinements to aileviate the pyTometer obscuration problem.

2.6.4.3 Acoustic ltecession Gage Instrumentation

The original intent of the RPL acoustic recession .age tests w%-as to demonstrate the
A. N. T. iERN flight ablation sensor on a ful-scale noseip under high heating conditions. Thus. only
the sensor specified at the Critical Design Review ,lieference 221. a 1. 5-mitz shear a.e -mal-c echo
gage. was to have been tested. Two% tests were planned with a sharp nosetip and two with a blunt
nosetip.
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However, as model fabrication proceeded, new evidence on the performance of acoustic
gages on tungsten nosetips became available. First, HEARTS flight test results indicated that rece-
sion data could not be obtained from shear wave gages bonded to tungsten. Then, in a May 1975 test
series at the AFFDL 50 Megawatt arc-jet, it was found that: 1) a change from the shear wave to
compression wave mode in pulse/echo gages did not result in any meaningful improvement in sensor
performance on t, -. sten, and 2) a resonance-type compression wave gage did show considerable
promise, with good correlation obtained between gage recession measurements and motion picture
data (see Section 6. 1). As this new evidence became available, changes were made in the RPL model
instrumentation where practical. Where model fabrication had proceeded beyond the point that trans-
ducer modifications could be made without major rework, the instrumentation was left unchanged.

The final ablation gage instrumentation tested was as indicated in Table 4 (Section 2.2.6).
Two models were instrunented with shear wave pt,'sc/echo gages: one with a compression wave
pulse/echo gage and one with a resonance wave gage. All three pulse/echo gages had a nominal car-
rier frequency of 1. 5 mtz.

Only the shear wave transducers were flight-qualified production type sensors. The
other two transducers were, of necessity, prototype units. Furthermore, to meet the schedule
requirements of the design verification test program, a "breadboard" resonance sensor was fabri-

cated. The basic construction technique and materials were the same as for shear wave gages.
However, with the tight model fabrication schedules, no time was available to optimize the new sen-
sor designs for their particular applications. The performance of the prototype transducers was
considered adequate to determine only the basic feasibility of the gages for tungsten ablation
measurements.

By the time the actual tests were performed, the probability of obtaining recession data
f,'omi any of the pulse/echo gages was considered remnote. It was foi- this reason that the resonance

gage was substituted on the last test unit. It may be noted that, even without recession measure-
ments, the ablation gages would still be expected to function as crack detectors.

Pulse/Echo Gage Performance

In all three of the pulse/echo sensor tests, the transdueer was excited with a laboratory-
type pulser/receiver (Pan.aunetrics Model 5052). The output signal was monitored en an oscilloscope

and recorded on a video tape record.-'. With this approach (as opposed to using a flight-type signal
conditioner), the complete bipolar signal was obtained, permitting detailed post-test analysis and
processing. If desired, the o,'put tape can be played through a breadboard flight processor unit at
a later date to evaluate the overall ablation gage system.

The background noise produced by the RPL facility varied widely in the three tests using
pulse/echc sensors. In Run No. 186 (shear wave transducer), the noise level was so high that the
receiving equipment was completely saturated throughout the model on-centerline period. Neither
the echo location nor the presence of crck.signatures could be detected, even after post-test filtering.
On the other hand, Run No. 169 (compression wave transducer) was exceptionally quiet with almost
no increase in in-band noise associated with the model entering the flow. Rum No. 165 (shear wave
transducer) was typical, with an increase in baseline noise by a factor of about two when the model
entered the flow. Wide variations in the RPL noise environment had been noted in previous tests
involving acoustic gages. However, to (late, no explanation for these variations has been offered,
nor has a correlation been found between the apparent noise level (as detected by the ablation gage)
and facility performance data.
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Because of the high noise level, the most that can be said about the test r'esults of Run
No. 186 is that the echo pulse was gone when the model rotated out of the flowfield (removing the
background noise interference). However, thc relative performatnce of the shear wave and compres-
sion pulse/echo sensors could be obtained from the results of Runs 165 and 169. In both of these
tests, the echo pulse decayed to the noise level in about 0. 5 second. Comparable decay timies were
obtained in previous flight and ground tests of pulse/ccho gages on tungsten nosetips.

Numerous noise bursts, probably associated with crack formiation and propagation,
occurred during and immediately after Hun 165. However, the earlie-st noise burst, occurring
approximately 0. 15 second after model insertion, was of much shorter duration than the typical
bursts previously associated with crack formation (about 1516, as compared to perhaps 20016).
The short duration of this burst suggested thc possibility of another source-. e.g. , impact ef a par-
ticle on tho subtip. The strongest noise burst was recorded at 1. 15 seconds of exposure and is

blieved to indicate internal subtip fracture. Only one noise emission occurred during Test 169.

Thswas a strong burst (400jpS duration) occurring 0. 6 second after insertion.

It was concluded that none of the pulse/eho sensors could measure tungsten recession.
However, the basic acoustic unit should still function as a crack, detecto, during the flight tests.

Resonant Frequency Gage Description andi Performance

Figure 57 is a schematic of the test setup used for the resonance gage test (Run 189).
The transducer included two crystals bonded together in a vertical stack. The crystal immedckiately
adjacent to the nosetip, (transmitter crystal) was driven by a wave generator, wvhile the otut', oi the
rear- most crystal (receiver) w~as monitored. As indicated in Figure 57. the excitation frequency
was varied linearly withi time from 410 1,11z to 10 1,h1rz over a sweep time of 500 ins. The sweep was
then repeated to form a sawvtooth input signal.

WAVE GEN.

40 KHz

10 KHzI

CVR
. PROCESSOR

K iure 57. Test setup forreoac ns.



'I

For the pro-test subtip length, two resonances occurred in this frequency range: 1) a I
1/2 wave resonance at about 11 kltz and 2) a 3/2 wave resonance at about 33 kliz. Both resonant
frequencies would be expected to increase in inverse proportion to nosetip length during ablation.

Of the two resonances, the 3/2 wave peak was much stronger and more suitable for
tracking. (The same was true in the earlier resonance sensor models used in the laboratory and
the 50 MW tests.) The half-wave resonance was theoretically strong, but apparently the resonance
was of such high "Q" as to be obscured by the slew rate limitations of the system. In an attempt to
make the half-wave resonance as visible as possible so that it would be feasihle to trace both reso-
nances for comparison, the signal processor amplified the signal with a gain which inLreased loga-
rithmically with decreasing frequency.

The processor block of Figure 57 includes a representation of the envelope of the output
signal. In a given data frame, increasing time correlates directly with decreasing excitation fro-

quency. T. ,s, the baseline signal increases logarithmically with time. The strong pulse represents
the 3/2 wave resonance, while the small pulse near the end of the frame represents the 1/2 wave
resonance. Both pulses would move to the left during ablation.

The unprocessed receiver output also was monitored and recorded on a video recorder.

By filtering out the low frequency ablation gage signal, the wide band background noise history could
be determined. The resulting signal served the same function as the "crack detector" on the pulse/
echo ablation gage. !

The performance of the gage in the actual test was disappointing. The signal became !
quite noisy at teflon glove removal, though the 3/2 wave resonance was still distingtishable. At
0.6 second after glove removal, the resonance pulse vanished suddenly for a single frame; at 1.0
second it vanished completely.

The crack detector showed a ramp increase in noise beginning at glove removal. Petween
0.60 and 0.75 second after removal, the noise reached a maximum with two sharp peaks, followed
by a sharp decline. For the remainder of the test, the noise level was comparatively low. As noted
previously (Section 2.5), post-test inspection showed the nosetip to be cracked clear through across
tho axis. In the movies, the crack first became visible on the qurface about 1. 1 sec.,nd after glove
removal.

As the crack axial location was close to the subtip sh:nk and "off-scah-" for the ablation

gage, it is tempting to associate the signal loss with the crack fermation. According to this hypothevis,
the crack first occurred about 0.6 second after glove removal and propag.ited for un additional 0.5
second. The ramp increaLse in crack detector noise could be attributed to a bild-up in aerodynanic
noise from the rocket motor flowfield. The twe sharp peaks would be associated with crack formation,

and the sudden decrease in noise could be attributed to isolation of the transduccr from the flowvfield
noise as the crack propagated across the axis.

t However, three facts strongly suggest that the loss in ablation gage signal actually was
due to an internal transducer failure:

1. If the crack hypothesis were correct, it would be expected that the
resonance pulses would simply disappear ft om the signal, with the
baseline unchanget. However, in actual fact, the baseline voltage
decreased sharply to about the level that would be expected from
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background noise alone. A similar decrease was simulated in the
laboratory by disconnecting one of the transmitter crystal terminal
wires.

2. It also would be expected that some minor resonances would be
present in the sensor frequency range even for a "short nosetip"
due to various possible multiple reflection sound beam paths. In
fact, such resonances were shown to be present in the laboratory
when a new transducer was mounted on the remains of the test
nosetip. On the other hand, during the test the signal was almost
free of structure after the loss of the 3/2 wave resonance peak.

3. Finally, the temporary one-frame signal loss at 0.6 second after
glove removal is most easily explained as a "loose wire" effect.

Thus, it was concluded that one of the two wire terminal junctions on the transmitter
crystal failed due to vibration. Unfortunately, it was impossible to verify this conjecture, as the
transducer could not be removed from the nosetip model without destroying the internal wiring.
Since RPL schedule requirements precluded the use of flight-qualified design and construction pro-
cedures, no conclusion could be made from this test regarding the worthiness of a resonance gage
for tungsten recession measurements.

2.6.4.4 Strain Gage Instrumentation

Strain gages were mounted on the aft substructure of the two sharp units. The purpose
of the gages was to measure deflection of the nosetip through the substructure during the shell
removal sequence. Figure 11 (Section 2.2.5) shows the location of the four strain gages, mounted
90 degrees apart, on both sharp units. The location of the gages were identical for the fubtip and
shell removal models. Each gage was a 350 ohm, 1/4 bridge, BLH foil strain gage number FAE
255-35-S6-ET, with a gage factor of 2.07. Bridge completion circuits were provided by AFRPL
and a 1.7 MQ calibration resistor was used for a maximum expected strain of 0.0001 in/in.

Figure 58 shows the responses of the four strain gages during the sharp shell removal
test (Test 186). All gages show a response during the test, starting shortly after model insertion
(6.5 seconds). Significant lateral pulses are indicated at 8.9 seconds (G4), 9.25 seconds (G2),
9.9 seconds (G3), and 10.9 seconds (Gi). However, no significant pulses occur at the tine observed
for shell removal (10.33 seconds). Similarly, Figure 59 shows the responses of the gages during
the sharp subtip test with the teflon glove (Test 189). All of these gages indicate an increasing
(compressive) strain characteristic of model blunting during a test. Gages G2 and G3 show small
pulses within 0.05 second of the time of teflon glove removal, but the pulses are no larger than others
that occur during the test.

Based on the results of these two tests it was concluded that:

1. Aerodynamic pulses that may occur during shell or glove removal
are small relative to other changing aerodynamic loads or vibration
levels in a rocket motor test.
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2. Strain gages at this location in the substructure cannot detect
the nosetip response, if any, during primary tip removal in
a rocket motor test.

2.7 CONCLUSIONS

The results of the A.N.T./ERN Design Verification Test prog'-am discussed in the pre-
ceding sections lead to the following conclusions:

With respect to the A. N. T./ERN nosetip designs:

1. A graphite shell primary nosetip, properly sized and designed,
can be removed in a clean, predictable fashion without adverse
effects on downstream components.

2. A monolithic tungsten subtip with a length of four to five inches
is not a viable erosion-resistant concept for the A. N. T. design
flight environment.

3. Acoustic recession sensor technology for tungsten applications
requires further development or concept modifications.

4. In-flight shell removal and heatshield stripback rates can be
measured successfully %vith backface thermocouples.

5. No significant iLerodynamic load pulses during shell removal
could be measured by, strain gages mounted on the aft substructure.

With respect to the use of the ABRES/AFRPL facility for full-scale performance verifi-
cation testing:

1. The AFRPL facility provided an excellent test vehicle for assessing
the thermostructural and recession capability of graphite, carbon.
and tungsten nosetip materials. Further operating refinements and
environment characterization should produce an excellent Lsetip
material testing capability.

2. Present flowfield anomalies such as igniter particles in the pre-
heat and shock formations during operation at low chamber pressure
did not appear to compromise ultimate test results.

3. The presence of quantities of unburned fuel in the boundary laver
make interpretation of film data difficult and render surface

a pyrometer measurements nearly useless.

2. S REC ON131ENDATIONS

The conclusions of the Design Verification Test series resulted in the following
recommendations:

1. Because of the high probability of crack initi.tion predicted for
monolithic tungsten subtips, the pres-nt A.N. T. /ERN subtip
designs should not be flight-tested at this time.

Subsequent to this experiment, a more sophisticated aerodynamic load measurement
experiment using strain =ages was designmd for flight test on A.N. T. 11. Full-scale flight units have
been built and calibrated to measure axial forces and bending moments in the substructure (Reference 23),

SSr
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12. The monolithic tungsten subtip should be replaced by a design,
j such as a segmented tungsten concept, that mill enhance its

thermostructural performance capability.L
3. Future development or verification tests of similar concepts

or designs should be tested in the refincd AFRPL test facility
with the present benzonltrile/liquld oxygen propellant system.
The rocket exhaust flow! lld should be improved by elimination

of the boundary layer clouds.
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3.0 SEGMENTED TUNGSTEN SUBTIP DEVELOPMENT

The segmented nosetip concept was conceived as an approach to reduce the high proba-
bilities of thermostructural failure associated with the monolithic tungsten designs. With this tech-
nique, the subtip is manufactured in the same external shape as the monolithic designs, but is
comprised of a number of small components. This results in lower thermal stresses in the segments
because of the smaller temperature gradients in the smaller components and because of the ability
of the segments to deform elastically under the influence of the temperature gradient. The probability
of failure also is reduced by the smaller unit volumes of highly stressed material. Because a frac-
ture in one segment cannot propagate across the segment boundaries, any fracture that does occur
will not result in a catastrophic failure of the assembly, thereby providing a form of artificial frac-
ture toughness.

Several analytical and experimental programs were performed to develop and validate
--i the segmented subtip concept. An early test program was run at the Air Force Flight Dynamics

Laboratory (AFFDL) 50 megawatt arc-jet facility in November 1974 (Reference 24) to evaluate the
basic feasibility of the segmented concept and to compare several preliminary designs. A particular
objective of the tests was to determine ff the segmented models would experience increas ed heating
and surface recession at the segment boundaries. The results indicated that the segmented models
had about the same total recession as solid tungsten models, but that some configuratons had a
greater tendency to form scallop patterns in regions of segment boundaries.

After concept feasibility wras demonstrated in the initial ground test program, analyses
were performed to select optimum segment configurations and to improve design and construction
details. An additional test series wAs then run in the 50 megawatt facility to evaluate the improved
designs. This section describes the segment design analyses and the second 50 megawatt ablation
test program (Reference 25). Later sections present the results of flight test evaluations of seg-
mented nosetip designs.

3.1 SEGMENT DESIGN ANALYSES

Analyses were performed to predict the themr stress response of subtip components
in a flight environment. The calculations were performed with the SAAS I finite element computer
code (Reference 14) using material properties for extruded billets of two-percent thoriated tungsien
(Section 2.6.2). The analyses accounted for temperature-dependent material properties with nonlinear
stress-strain curves. Time-dependent external shapes, pressure loads, and internal temperatures
were predicted with the NOSEC computer code (Reference 7) and were included in the analyses.

The probability of crack initiation was estimated from the Priddy stress-based failure
criterion for brittle anisotropic materials (Appendix A) using the predicted stress distributions. V

This criterion accounts for arbitrary stress states and multiaxial stress interactions using nine mea-
surable strength parameters to describe the failure characteristics of a transversely isotropic mate-
rial. The nine strengths required by the Priddy criterion were based on characterization results for I
extruded two-percent thoriated tungsten (Section 2.6.2). The probability of crack initiation at any
point in the subtip was calculated from the proximity of the stress vector to failure surfaces defined _
for .arious probabilities of failure by application of the Priddy criterion to uniaxil data reduced by
Weilbll statistics. Volume effect corrections also were applied to the failure probability of each
volume of m-Aterial represented by a finite element in the computer code.
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The overall probability of crack initiation in any component of the subtip was calculated
from the cumulative product of finite-element probabilities ozer all brittle elements (below 4000 F)
expressed by:

PF =I I -I (-Pf) (2)

where Pf is the probability of crack initiation in any single brittle element, and PF is the overall
probability of crack initiation for the entire component.

The thermostructural responses of the segment and stud components of the segmented
subtip were calculated for the design shown in Figure 60 and expressed in terms of component proba-
bility of failure. These results were compared to results for a monolithic design of the same exter- '
nal shape. Segment thicknesses and cone angles were varied to establish guidelines for optimizing
the design. Thick segments with shallow cone angles are less costly to manufacture, but generate
higher thermal stresses because they are less compliant. That is, thermal gradientb are accommo- ii
dated more readily by deformation in thin segments with large cone angles. The c-mputed failure

probability is plotted in Figure 61 as a function of segment aspect ratio (defuned as the ratio of thick-
ness, t, to outside radius, R) for forward, middle, and aft segments with 35-degree cone angles.
All cases analyzed fall close to a common curve, illustrating the dominating effect of aspect ratio.
Low failure probabilities can be achieved by designing ill segments with aspect ratios of 0.10 or
below. This permits thicker segments to be utilized near the aft end of the segment stack for
economy.

Segmented Tungsten Sub"7

-4-4

I Figure 60. Segmented tungsten subtip design concept.
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Calculated failure probability histories for the segmented subtip components, including
the stud, and for a monolithic subtip are shown in Figure 63. Although the stud generates maximum
stresses of the same order as the monolithic subtip, the critically stressed volume is much lower
and, with the lower transverse stress, results in a much lower probability of failure. The subtip
segments are 0.250-inch thick and have 35-degree half-cone angles. The improvement in survival
probability offered by the segmented construction approach is apparent.

100

FW/D SEGMENT

MIMID SEGMENT
80 TAFT SEGMENT

E-o" MONOLITHIC
Z SUBTI P

P4 60,

0
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0 10 20 30
ALTITUDE (KFT)S

~Figure 63. Tungsten subtip thermostructural response summary.

The failure probabilities shown in Figures 61, 62, and 63 were calculated using the failure

i{! provide a direct evaluation of the effect of the segmented design relative to the r. ,nolithic design. .

However, significant material improvements are available for the segmented design which make this

i 'i by optimizing the methods for fabricating the segments. For example, the segments could be coined
U from cross-rolled tungsten plate or forged and coined from pressed and sintered billets. Since these

forms oftungsten generally aemore flaw-free and have much more cold wokthan the large diameter
extruded billets, the resultant segments should ha.ve significantly higher failure strengths and lower
ductile-brittle transition temperatures (DBTT) than segments made from extrusions. Consequently,
it is reasonable to expect much lower failure probabilities than those indicated n Figures 61, 62, and
63. In addition, the stud can be fabricated from a smaller diameter extrusion or swaging and, con-
sequently, can be upset-forged to improve the transverse properties by producing a more equlaxial "
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grain structure. Since the monolithic subtips tested previously (Section 2. 0) were critical with
respect to transverse direction properties, it is also reasonable to expect that upset-forging of the
small diameter billets will improve the thermostructural performance of the stud.

Artificial fracture toughness provided by segment boundaries, although not assessed
quantitatively, is believed to be another major advantage of the segmented tungsten design concept.
Cracks initiating in any component can propagate only to the nearest boundary. Because of the design
geometry, several adjacent segments must fail to permit loss of material. Cracks in the stud re-
sulting from transverse stresses can propagate only to the segment-stack boundary and the segments
should restrict the crack from opening.

3.2 ABLATION TEST PROGRAM

After the initial ground test program (Reference 24), several important improvements
were made in segmented nosetip designs. The new features, which vere evaluated in the present
test series, included:

1. Selection of forward-facing cones as the optimum segment con-
figuration, based on evaluations of the test results and additional
analyses (Section 3. 1).

2. Addition of a tapered center stud to provide positive retention of
the segments.

3. Use of forged segments to improve mechanical properties and to
reduce material consumption.

4. Use of thermocouples between segments to provide an indication
of the axial recession history.

The segmented tungsten subtip models tested in this series were designed primarily to

investigate the ablation behavior relative to monolithic designs. No attempt was made to produce a
specimen configuration that would provide a meaningful thermostructural test of the concept. In
principal, this objective would be very difficult to achieve because of tho size constraints and the
heating distribution in the arc-jet environment.

Another erosion-resistant nosetip (ERN) design concept was also studied in the previous
test program. The essential components in this design were a copper-infiltrated tungsten core and
a surrounding solid tungsten sleeve. The purpose of the solid sleeve was to prevent loss of the
melted copper infiltrant to the low-pressure sidewall region, which would reduce the transpiration
cooling effectiveness in the stagnation region. This concept was tested in a cone-cylinder configu-
ration and experienced lower recession rates than solid models of either pure tungsten or copper-
infiltrated tungsten (Reference 26). This sleeve construction has since been adapted to the more
conventional sphere-cone nosetip configuration. In addition, a design is being considered in which
copper-infiltrated tungsten segments are used in conjunction with an infiltrated tungsten core. Models
based on both of those infiltrated tungsten concepts were included in the current tests.

The test series also afforded an opportunity for ablation gage experiments. A shear wave
pulse/echo ultrasonic gage had been selected previously for development as a tungsten ablation sensor
(Reference 2). However, in the most recent flight and ground tests of the shear wave gage, unaccept-
able degradation of the echo signal strength occurred. Thus, two alternate ultrasonic ablation sensor
concepts were tested in the current series:
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t1. A compression wave pulse/echo gage and,
2. a compression wave resonant frequency gage.

Both of these concepts were expected to benefit from the lower attenuation coefficient of compression
waves (relative to shear waves) in hot tungsten (Reference 27). The resonant wave sensor had the
added advantage of lower carrier frequencies.

3.2.1 Model Descriptions

3.2.1.1 Ablation Models

The ablation test models consisted of six different designs, illustrated in Figure 64,
I which were selected to evaluate various aspects of segmented nosetip design and fabrication. All
j ~ models had the same external sphere-cone geometry to eliminate the effects of shape differences on

ablation performance. 51

TRANSDUCER *THERMOCOUPLE LOCATIONS
- '~ (PULSE/ECRO)

iSOLID TUNGSTENSOID T
" :TRANSDUCER
I~ ~ (RESONANCE) COPPER-INFILTRATED TUNGSTEN CORE

SOLID TUNGSTEN SLEEVE

W/Cu SEGMENTS (RESONANCE)

SEGMENTED TUNGSTEN - 0. 120-inch SEGMENTS

COPPER-I NFILTRATED TUNGSTFN CORE
0.120-inch W AND V/Cu SEGMENTS

SEGMENTED TUNGSTEN - 0.010 and 0.045-inch SEGMITENTS

I kgure 64. Model configurations.

The solid (monolithic) configuration was included as a tare model to provide a reference
basis for the ablation performance comparison. These models were machined from a 2 5/8-inch
diameter billet of extruded commercially pure tungsten fabricated by the General Electric Company
(G.E.), Cleveland, Ohio.

All three types of segmented tungsten models were of the same basic design, as indicated
in Figure 64. Three different segment thicknesses were used to assess the effect of this parameter
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on thermal and structural performance. The segmented models all utilized a tapered center stud to
provide positive retention of the segments during ablation. The studs were all machined from three-
inch diameter billets of extruded tungsten two-percent thoria fabricated by G. E., Cleveland. The
large aft segment on all models was machined from the same commercially pure tungsten used for
the solid tare models.

The 0. 120-inch thick segments were constructed by first cutting 0.25-inch thick discs
from the 2 5/8-inch diameter commercially pure tungsten billets. These discs were then upset-
forged to 0.125-inch thickness, and then forged (coined) to the final conical shape, and finish-
machined to the 0.120-inch thickness.

The 0.045-inch thick segments were constructed from 0.060-inch thick sheets of com-
mercially pure tungsten supplied by Schwarzkopf Development Corporation. These segments were
coined to the conical shape and then finish-machined to the final 0.045-inch thickness.

The 0.010-inch thick segments were coined from 0.010-inch thick sheets of commercially
pure tungsten supplied by AMTAX, Inc. These segments were brazed together and then machined as
a unit to the final conical shape. The small thickness made all handling and machining operations
for these thin segments very difficult.

Two types of models utilizing infiltrated tungsten were tested. Both types used infiltrated
tungsten supplied by Teledyne Wah Chang of Albany, Oregon. This material was constructed by infil-
trating approximately 10 percent (by weight) of copper into sintered billets of commercially pure
tungsten. The "infiltrated core" models utilized a center stud of this infiltrated tungsten, and a sur-
rounding sleeve made from the 2 5/8-inch diameter billets of G.E. commercially pure t, ngsten.
The "infiltrated segments" models had a center stud of infiltrated tungsten surrounded b 0. 120-inch
thick segments. Alternate segments were made of commercially pure G.E. tungsten and the copper-
infiltrated tungsten.

3.2.1.2 Model Instrumentation

One of each type of segmented model was instrumented with in-depth thermocouples. The
0.120-inch thick segmented tungsten and the infiltrated core models each had six thermocouples
located along the stud as indicated in Figure 64. Each of the other segmented models had four thero-
couples located at the two forward stations. The exact thermocouple sations are given in Table 20.
Togsten versus tungsten/26-pereent rhenium thermocouples were used in the tpuo most forward
(hotter) locations, while the remaining thermocouples were platinum versus platinum/13-percent
rhodium. The types and output ranges of the thermocouples on each model are summarized in

Table 21.

Three models (one solid tungsten, one segmented tungsten, and one infiltrated segments)
were instrumented with K West ultrasonic ablation sensor transducers bonded to the back surface as
illustrated in Figure 6.1. A Chromel/Alumel thermocouple also was bonded to the back surface, adja-

cent to the transducer, to measure the approximate temperature history. The sensor on the solid
tungsten model used a pulse/echo (compression wave) transducer with a frequency of 1.15 mlz.
With this type of sensor, the instantaneous model length is proportional to the round-trip time of the
acoustic signal (Reference 2). The other two sensors utilized a newly developed resonant frequency
technique in which the model length is inversely proportional to the frequency at which resonance is
observed to occur.
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ITabc 20. Thermocouple locations in segmented models.

AXIAL DISTANCIE IROM STAGNATION POINT (INCII)
MODL* -"rC I 112 Te TC 4 IV 5 ClJ

1-2 0.570 0.8$2 1.320 0.525 0.917 1.318

1-3 0.620 0.985 1.430 0.600 0.970 1.410

1-4 0.537 0.913 0.552 0.912

-- 2-3 0.51) 0.902 0.51 0.91

3-3 0.555 0.99 0.568 0.955

* ee, Table 22 for model number icntifications.

Table 21. Thermocouple instrumentation summary.

RACK SiTiUT TI I IImOCOUPi.I:s

NO. NO. WIHI-, NO. TYPE* IRANGF (MV)

I 1 .SAd Tungsten I K 0 - 50

2 Scgtneied: 0. 120-Inch 2 G 0 - 50
segments 4 i 0 - 25

3 i Infiltrated Core 2 G 0 - so
4 It 0 - 25

4 Infiltratcd Sc':nt'nts 2 0 0 - '0
2 It 0- 25

5 Cnlorim'ctr 5 K 0- 50

2 1 Sgcnentcd: 0. 120-inch 1 K 0 - 50

3 "Thlin Sheet: 0.010-Inch 2 G 0 - 50
scgments 2 I1 0 - 25

j 5 Cale,|,.tcr 5 K- 50

3 1 Inflltrated Serments I K 0 - 50

55 Thin Shetet: 0.015- ch 2 G 0- 50
%egments 2 it 0 - 25

*Thermocouple Types:

K Chromel versus Alumel

G Tungsten versus Tungsten 26 percent Ithenlum
it Intlaurn versus 111atinum 13 percent Illhtxtum

I I
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3.2.1.3 Rotating Sting

One of each type of ablation model w\as modified for installation on a rotating sting assem-

bly (Reference 28). In these tests, the models were rotated continuously throughout the test In an
attempt to eliminate the effects of possible flowfield asymmetries on ablation and thermostructural

4 performance. The rotating sting system is illustrated in Figure 65. The rotating hub, which serves
as the specimen holder, is driven by a 1/3 horsepower compressed air motor. At design conditions,
the motor c3nsumes 15 cfm of air at a source pressure of 90 psi. The stall torque is 156 inch-pounds.
The cold, expended air is routed around the motor case through passages in the front of the motor
housing and exhausted out of the annular gap between the hub and the fixed sting assemblies. This
delivers maximum cooling to the critical thrust bearing area and, at the same time, purges the sting
interior of hot gases.

8.750-
I [ - 5.125 :

-- .87 D|...2.625 Din.

TEST MODEL U-V1-16 NS-ZA THD

PitENOLIC SiIUCA ;3

HEATSIIELD STEEL HOUSING
: AIRt MOTOR

Figure 65. Rotating sting assembly.

The sting/ablation model assembly was 8.75 inches long from the specimen tip to the
interface with the facility strut. It was designed to mate directly to the strut. The 1/4-inch copper

V tube airline passes through the Instrumentation lead passage.

3.2.2 Test Description

3.2.2.1 Facility Description

F, The tests were performed in the Reentry Nosetip (RENT) leg of the Air Force Flight

Dynamics Laboratory (AFFDL) 50 megawatt arc-jet facility. The general layout of the facility is
illustrated in Figures 66 and 67. A complete description of the facility is given in Reference 29.

The models were mounted on a linear motion model carriage for sequential insertion
into the test stream. The carriage has five struts laterally spaced one foot apart, as illustrated
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I ~~NOZZLE SECTIONAIADIV

REAR SPIN COILIFRONT SPIN COIL CLEtl

AXIAL

DRIVE1 MODEL ACTUATOR

Figure 66. AFFDL 50 MWI% arc-jet RENT EI: leg schematic.

I I--~-tJ ARC HEATER - F ONPINNING MODEL

SPINNING MODEL

I SPINNING STING

STRUT

EINEVATION

COLLECTOR I

IFOOT

21 ~ PLAN VIEW

Figure 67. AFFDL 50 MWN arc-jet RENT test section and model support.
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in Figure 67. Each strut has a servo-controllcel axial drive system. coupled to an infrared sensor.
that can be used to control the models at a specified constant location. For the present tests, the
models were maintained at a constanit distance of ap~proximately 0. 1 inch from thle nozzle exit plane.

3.2.2.2 Test Conditions

Alof thle runs were mnade with thle 1. 38-inch exit diameter flared nozzle (10138F) with 1
a reservoir pressure of 1500 psig. The nominal dwell timec (miodel onl flow axis) was two seconds.

A Tirhe nozzle contour is shown in Figure 68. Since thle flow leaving the nozzle is expanding, tile pres-
sure continues to decline along thle test section centerline. At the test location of 0. 1 inch fi-om the
nozzle exit plane, the model stagnation pressure is approximately 75 atmospheres. In the mode of

operation used in these tests. there is a strong radial variation of enthalpy, with the peak value
occurring at the centerline. Since the flow ait tile edge of the model boundary layer comes from thle
hot centr-al, core. this produces an effective stagnation enthalpy of about 6;000 11tu/lb.

3.2.2.320.2 R]aSore

Several~1.0 abainmdl eeeup ihrcsso esr n ndphtemculs

as lecrbe i Scton3.. .2 Hweer te ricialsorc o alaio dta0.10ig-see

3.2.2.3 Teta Satrces

sI Thdcmlescrmariisbumaied in Tableo 2.2. 1.2 totaril ricpa ouc of 20ato modelws weiehteped.
csihtng foft etheo side tugfe the models, 1 o egmveted models, candra Til calometer meas
Thed bcaimete olm cnand fie nlpoinedt sensorsimthl 10 Cliie/uelod Thicle at

usd olr iln n ws peatd t omna see o .0 fams/ecnd Tre yrmeer0wrfocJe asnaAspsil ote oe tgainpit M.'
0.2..4 Tst 'Alai-L

Tilecomleteto!-t atrNIs ummrize inTabe 22 A ota of 0 mdel wer teted



the locations indicated in Figure 69. Tis model was included on twvo of the racks to obtain both an
indication of the consistency of the test conditions during this series and a comparison with previous

tungsten ablation tests.

Table 22. Test matrix - segmented tungsten ablation test program.

~Actual D%%ell |

Heater Strut Model Number of Ablation totating Time
tun N o. MoeN1)P umber ,Ccmeul$i,,G.e n sc

infletrted Segments 3-1 1 lResonant No 1. b0
2 Thin Seect: 0.010 Segments 4-2 0 No Yes 1.$7 1

1162-006 3 Senented: 0.120 fegments 2-1 1 Rlesonant No 1. 95 4
4 Segmented: 0.120 Segetnts 3-2 0 No Yes 1.74
5 Calorimeter Cal 5 No No SwePt

1 Solid "ungstn 1-1 1 IMlse/Echo No 1.S2
2 Solid "ingsten 2-2 0 No Yes 1.5s

1162-007 3 Thin Shect: 0.045 Segments 4-3 0 No No 1.6
4 Thin Slcct: 0.045 Segments 3.4 0 No Yes 1.98
5 Calorimeter Cal 5 No No Swept
I Infiltrated Core 3-5 0 No No 1.91 t
2 Infiltrated Core 2-4 0 No Yes 1.96

R02-008 3 Segmented: 0.120 Segments 4-1 0 No No 1.90
4 Infiltrated Segmcnts 4-1 0 No Yes 1.%6
5 Segmented: 0.120 Segments 1-2 6 No No 1.1

1 Thin Shcet: 0.010 Segments 4-5 0 No No 1.S7
2 -.. in Shect: 0. 010 Se gtnnts 3-3 4 NO No 1.90)

R62-009 3 'Min Sheet: 0.045 Segments 2-3 4 No No 1.90
I infiltrated Segments 1-4 4 No No 1.97
5 Infiltrated Core 1-3 6 No No 1.91

4.001

b -120 UN %

I ~ 1.50 -

Threaded Adaptor

Figure 69. Calorimeter model.{
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3.2.3 Test Results

In this section, the physical data and evidence obtained during the program are presented.
Post-test analyses and data interpretation are discussed in Section 3.2.4.

3.2.3.1 Ablation Performance

After completion of the tests, the models were inspected and photographed. Overall 11
recession depths were obtained by comparisons of pre-test and post-test measurements. Recession
histories were obtained from the motion picture films; the films were also reviewed for loss of solid
material and other significant events. 13

Post-test photographs of the models, grouped according to type, are shown in Figures 70
through 75. The general appearance of the models can be summarized as follows:

1. All of the spinning models ablated symmetrically. The appearance
of the ablating face of these rotating models also was superior,
with a more uniforra texture than the comparable non-spinning ver-
sions (e.g., Figures 70 and 72).

2. The segments of the non-spinning 0.010-inch thin-sheet models
were separated and badly warped, especially in Model 4-5 1(Figure 71).,

3. The ablating faces of the infiltrated segment models were nearly
planar (Figure 74). The faces of the two non-spinning versions
were at an angle to the model axis. The face of Model 3-1 was
slightly concave.

4. The tungsten sleeves of all of the infiltrated core models ablated
into a "turbulent shape" with scallop patterns (Figure 75). None
of the other models had such patterns.

The motion pictures showed that the distortion in the two non-spinning thin-sheet (0. 010-inch segments)
models occurred upon exit from the jet. During the dwell period at the jet centerline, the models
ablated in a normal fashion. However, as they moved laterally through the jet boundary, the segments
spread apart and several segments were torn from each model. No similar spreading of segments
occurred in the spinning version; however, the remnants of one 0.120-inch segment which had nearly
ablated away, was torn from the model at exit. No solid material loss was observed from any of the

other models tested.

The movies also revealed some unexpected behavior in the non-spinning infiltrated seg-
ment models. These models ablated normally until the forward pure tungsten segment ablated through
at one point on the periphery. The nose caps then became asymmetric very rapidly due to the rela-
tively high ablation rate of the locally exposed infiltrated tungsten. In the case of Model 3-1 (Figure 74),
in particular, there was a strong coupling between the nose shape and flowfield, which promoted the
asymmetry. About halfway through the two-second dwell period, the nose formed into a concave L

wedge, which deflected the hot enthalpy core, as indicated in Figure 76. Thereafter, there was
almost no recession of the wedge leading edge. Thus, the angle between the face and the model axis
continued to decrease throughout the test, while the overall model length remained nearly constant.

The axial recession histories obtained from the motion pictures, along with the indicated
steady-state recession rates are shown in Appendix B. The recession results are summarized in
Table 23.
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HIGH ENTHALPY CORE (LUMINESCENT)

NOSETIP MODEL

~I

Figure 76. Flow deflection on flat-nose models.

Table 23. Recession data summary - segmented tungsten models.

overall Average 11  Steady State(2
Model Recession Recession Recession Model Type (3 )  Observations

1-1 0.607 0.334 0.427 Solid Tungsten
1-2 0.781 0.431 0.465 0.120 Segments

1-3 0.828 0.434 0.445 Infiltrated Core
1-4 0.750 0.381 0.366 Infiltrated Sesiments Concave angular face

2-1 0.553 0.299 0.350 0.120 Segments

2-2 0.765 0.407 0.43 Solid Ttngsten (S)
2-3 0.715 0.376 0.371 0.045 Thin Sheet
2-4 0.761 0.391 0.417 Infiltrated Core (S) __ _

nlot enthaipy core dIMtectrd by3-1 0.340 0.189 0.281(4) Infiltrated Segments highly ant.ular concave face

3-2 0.499 0.287 0.319 0. 120 Segments (S)
Segments billowed out w/loss

3-3 0.808 0.425 0.433 0.010 Thin Sheet of several at nozzle exit
3-4 0.750 0.380 0.432 0.045 Thin Sheet (S)
3-5 0.670 0.351 0.380 Infiltrated Core

4-1 0.768 0.405 0.410 0.120 Segments
4-2 0.626 0.335 0.428 0.010 Thin Sheet (S) Single partial segment lost

4-3 0.629 0.337 0.343 0.045 Thin Sheet

4-4 0.904 0.486 0.528 Infiltrated Segments (S)
Segments billowed out w/loss

4-5 0.654 0.350 0.358 0.010 Thn Sheet of several at nozzle exit -

(1) Overall recession divided by dwell time.
(2) Recession rate after Initial transient; obtained from motion picture data.
(3) (S) After model type designates model was spinning.
(4) Rate before hot enthalpy core was completely deflected (see test).

Final overall recession rate was almost zero.

109



3.2.3.2 Thermostructural Performance

No gross thermostructural failures occurred on any of the models. However, close
inspection revealed a fine crack in one of the 0.045-inch segments of Model 4-3; the crack occurred
in one of the partially ablated segments exposed on the face of the model. A similar crack was found
in one of the badly distorted 0.010 segments of Model 4-5. Inspection showed the fracture surfaces
were bright and free of oxidation. Metallographic examination revealed that the fractures were inter-
granular and ductile in nature, indicating that they occurred during cooldown or, possibly, as the
model left the jet.

3.2.3.3 Instrumentation Data

Three types of instrumentation data were obtained: 1) segmented model thermocouple
temperature histories, 2) calorimeter data, and 3) ultrasonic ablation gage data. The reduced thermo-
couple data for each segmented model are given in Figures B-19 through B-23 of Appendix B. (The
thermocouples adjacent to the ultrasonic transducers were included for diagnostic purposes only.
As the transducers did not change temperature during the test, data for these thermocouples are not
presented.)

PDA has now run several 50 MW tests with the same basic model configuration as in the
present tests (150 half-angle cone with a 0.25-inch nose radius). As no sidewall heating data were
available for this configuration, calorimeter model tests were included in an earlier facility entry
(Reference 24). However, only one run was made with the 10138 nozzle, and the data for that run
are doubtful because the null-point calorimeters were not flush with the model surface.

Thus, for the present series, the null points were replaced and a total of four new runs
were completed. (Two of the four runs were made in a contiguous series of PDA 50 MW tests (Ref-
erence 28). However, the data for all four runs are presented here.)

The calorimeter model geometry is shown in Figure 69. For the present runs, the model
was oriented with the three-sensor ray facing up as indicated in the figure. In the run of Reference 24,
the sensor ray faced down.

The mean and ran e of the stagnation point heat flux measured for all four of the present

runs was 11,350 + 1400 Btu/ft -sec. The sidewall heat fluxes are plotted in Figure 77. The circles
represent the data means for each location, while the vertical bars Indicate the range. As can be
seen, the single calorimeter on the bottom ray recorded a higher heat flux than the corresponding
sensor on the top ray. The data of Reference 24 also indicated higher heating along the bottom ray.

I! To complete the bottom ray curve, two data points from Reference 24 are also plotted on Figure 77;
however, because of the null-point problem mentioned previously, these points must be accepted
with caution.

The ultrasonic gage data were recorded on magnetic tape. Detailed quantitative analysis
of these data required computer processing using a program available at the Aerospace Corporation.
However, a qualitative evaluation could be obtained from an oscilloscope display of the signal. The
results of such an evaluation were given in Reference 30. The principal conclusions were:

1. The compression wave pulse/echo signal decayed in a manner similar
to the shear wave signal in previous tests. It was not possible to obtain
useful recession measurements from the data.
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2. The resonance peak for the sensor on Model 3-1 moved erratically
and indicated little recession. As noted in Section 3.2. 3.1, Model 3-1
ablated in a peculiar manner and, in fact, little overall recession
occurred.

3. The resonance peak for the sensor on Model 2-1 generally behaved
as expected.

Thus, the output from the Model 2-1 sensor was selected for detailed processing.

DATA RANGE FOR CURRENT
AND CONTIGUOUS SERIES

4000 A DATA OOINTS FROM REF 22

BOTTOM RAY

; . . .. . I ,

TOP RAY

0.5 1.0 1.5 2.0

AXIAL DISTANCE FROM STAG. PT. (IN)

Figure 77. Sidewall heat flux data,
AFFDL 50 MWV arc-jet.

The computer processing was completed under the direction of S. Howell of the Aerospaceil Corporation. Figure 78 shows the processed data for the time Interval of interest. The frames, each
covering a time interval of 0.1 second, are arranged in a vertical display. The left boundary corre-
sponds to a frequency of 50 kHz, the right boundary to 150 kHz. Several resonances are visible in
this interval. Pre-test experiments indicated that the 3/2 wave resonance, initially at a frequency

ci I of approximately 100 kHz, gave the clearest indication of recession. A dashed line on Figure 78
traces the history of this resonance.

3.2.4 Data Analysis and Evaluation

3.2.4.1 Ablation Performance

For a convenient comparison by model type, the steady-state axial recession rate data
from Table 23 are plotted in bar-graph form in Figure 79. The data from the rotating models are
considered to be the more reliable indicators of the relative ablation performance expected in flight.
since possible coupled effects of nose asymmetries on the test environment are precluded. Such
effects were particularly evident on the non-rotating infiltrated segment models (Section 3.2.3.1
and Figure 74).
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The obvious conclusion from Figure 79 is that the ablation performance of the segmented
concepts was at least as good as for the solid tungsten models. The infiltrated segment concept is a
possible exception, since Model 4-4 receded slightly more than the rotating solid model (No. 2-2).

With the exception of the infiltrated segment models, the recession rates for all of the
tests lie within a band of 0.4 inch/second + 20 percent. The data suggest that the + 20 percent scatter
is random in nature and unrelated to the model type (i.e., normal scatter for this test facility). The
scatter in the recessions of the four 0. 120-inch segment models, for example, is nearly as great as
the scatter for the entire data set (again excluding the infiltrated segment models). The spread in
the data for the spinning models also is of the same order as the scatter for the entire population.
Thus, it is concluded that, with the possible exception of the infiltrated segment models, all of the
segmented models ablated the same as the solid tungsten specimens within experimental error.

It may be noted that even the 0.010-inch thin-sheet models ablate, at the same - eady-
state rate as solid tungsten; all mechanical material loss and distortion occurred at the end of the
test, as the models left the jet. However, as the 0.010 sheets are apparently fragile at high ter.--
peratures, and may be subject to mechanical loss at angle-of-attack, the thin-sheet concept %%,..s
down rated.

The infiltrated segment concept is difficult to evaluate. Since the recession rates of the
non-spinning models were affected by the flowfield/nose shape coupling (Section 3.2.3. 1), there is,
in effect, only one recession rate data point available. The recession rate of the spinning infiltrated
segment model (4-4) was only 9 percent higher than the recession rate of the spinning solid tungsten
model, hardly a statistically meaningful difference. Still, Model 4-4 did recede faster than any other
model tested, 31 percent faster than the average. Thus, as the concept offers no particular advan-I tage over the segmented tungsten designs, further development does not seem warranted.

The three infiltrated core models all ablated at close to the nominal rate (0.4 inch/second),
with very little scatter. Scallop patterns and a "turbulent shape" did form on these models; however,
the axial recession rate apparently was not affected. The satisfactory ablation performance of these
models is significant, since a copper-infiltrated core has the potential of improving the thermostruc-
tural margin of segmented tungsten nosetip designs.

The 0.045-inch and 0.120-inch segment concepts both performed satisfactorily. The
spinning versions of these designs, in particular, ablated very smoothly and evenly.

3.2.4.2 Instrumentation

The three types of instrumentation evaluated were: 1) thermocouples, 2) the pulse/echo
)i acoustic gage, and 3) the resonant frequency ablation gage. The potential application of all three is

ai to measure the in-flight recession rate of tungsten nosetips.

Encouraging test results were obtained only for the resonant frequency gage. As noted
in Section 3.2.3.3, the signal from the compression wave pulse/echo gage attenuated to unacceptable
levels before any measurable recession occurred. Attempts to correlate the thermocouple tempera-
ture histories (AppendLx B) with recession also were u-istitcessful. In general, the thermocouples
either failed or reached maximum calibration temperature well before becoming exposed by ablation.IJ Neither the failure times nor the rate of temperature rise could be related to recession. The data
suggest that hot gas Inakage may have been the dominant source of run-to-run temperature variations.
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As stated in Section 3.2.3.3, only the resonance gage data for Model 2-1 were analyzed

in detail. The steps in the analysis, following the theory outlined in Section 6.1, were:

1. The 3/2 wave resonant frequency history was obtained from
Figure 78 (dashed line).

2. From the resonant frequency history (f), the history of the
acoustic wave round trip time ITro was computed from the

I formula To = 3/f.
j 3. The "apparent length" ( history of the tungsten stud was

obtained from Co0 ,' where Co is the room temperature

LO= 002
Lo 2

speed of sound in tungsten.
4. The actual length history was obtained by adding an analyti-

cally determined "temperature correction" to the apparent~length.

To obtain the temperature correction, the internal nosetip temperature distributions were
calculated for the 50 'MV environment using the NOSEC computer code (described in Reference 7).
Figure 80 shows the degree of correlation between the actual model shape change history (from the
motion picture data) and the shape change calculated with the NOSEC code. Figure 81 (a) shows the
calculated axial temperature profiles, while Figure 81 (b) gives the tungsten speed of sound variation
with temperature (from References 2 and 31). The resultant temperature correction history is given
in Figure 82.

- MOVIE DATA (OVERHEAD)

.- * -- NOSEC COMPUTER
RESULTS!I

0.25 SEC

iI
,.-5 SEC

I 1.5 SEC

0 o1.85 SEC

1.0 SEC

0 0. 1. :. 2. . . 15 2.0

AXIAL DISTANCE (INCHES) AXIAL DISTANCE (INCHES)

Figure 80. Comparison of measured and computed model shapes.
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Figure 82. Temperature correction history.

The final result of the resonance gage data analysis is presented in Figure $3. The cor-
4 rected ablation gage data (solid circles) are compared with the motion picture recession data of

A Figure B-11 (Appendix B). As can lie seen, the agreement is excellent.
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3.2. Conclusions 
-

Th prnia ocusosfo h ts eisae1.~~~~~~~~~~~ ~ ~ ~ ~ ~ Semnaino ugtnIstp a odtLnna feto
abato pefrmne

thi.5 Conluinshe sg nt used in one design deformedan

tore under the side loads generated during flow exit.I ~3. All Of the Models wexhibited satisfactory thermostructural
Performance in the test environment.

4. The resonant frequcy* ablation gage successfully measured
the recession of a segmented tungsten model.

5. The compression wave pulse/echo gage is Unsatisfatory as5a tungsten ablation sensor. a
6- The in-depth thermocouple temperature histories could nrt

be correlated with ablation.
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4.0 IIEARTS/EIN DEI1GNS]

Tungsten nosetips were flight-tested on IIEAR75 (IlydrometeOr Erosion And Recession
Test System) reentry v~ehicles as an intermediate eraluation step prior to full-scale ICBM flights on
A. N. T. reentry vehlcles. Other ERN flight tests were performed In the SA31S program (Reference 2)

and in the FL'A-NE program (Section 5.0). The HEARTS vehicles (Reference 32) were Launched on

Athena C wid D boosters and attained entry velocities (Ye) Of alV m is. 000 ft/sec at flight

path aingles (Y.) of around 35 degrees.

Two monolithic tungsten nosetips a2W one segmented tungsten nosetip were built for the
flight test program. One monolithic nosetip .a destroyed In a vehicle launch malfunction. and! the

other two nosetips experienced saccessful flight tests. Each nosetlp was covered With a teflon glore
designe-d to burn through and expose the tungsten at an altitude of aproximately 35 Mf. thereby su-

lathing anticipated conditions for flight throwgh erosive weather environments.

This section decribes the thermal and structural design analyses; of the two IIEARTS/ERN
configurations and briefly sumimarizes the flight results. The basic ojectives of these flights were
to: 1) evaluate the thermal and structural performance of tungsten nosetips in actual flight environ-

ments, and 2) evaluate the effect of the segmented construction on thermostructural performance.-
However, it was recognized that the thermostructural environment in the IIEARTS flight-- vxuld be

less severe than on a full-scale ICBMI flight (such as the A.N.T. vehicles). Therefore. the Main
-Aemphasis of these designs was to evaluate the effect of the segmented boundaries on nosetip, recession

characteristics. It also should be noted that the design was compromised somewhat to accommodate

an acoustic recession gage and thermocouples istalled between the segmnts; Consequently, the

desiges were not optimized for thermostmuctural performance, and raargin-of-safety comparisons
between the two designs should not be taken as an indication of the maximum improvement obtainable
with the segmented construction technique.-

The HEARTS monolithic and segmented tungsten nosetip designs are shown in Figures Z*4

and S5. respectively. Both designs were splere-ogive-cone configurations to duplicate the shape of

proposed erosion-resistant insert being designed by the General Electric Company as a potentialI
Mlark 12 nosetip modification. The monolithic nosetip, was machined from a 2.62-inch diameter ex-
truded billet of Sylvania 'fine-grain' t=Wmsten the proposed Mark 12 material). The semented nose-
tip was fabricated from 3. 0-inch diameter extrue billets; of 2 percent thoriated tungsten. Each

Segment was machined from sections of an extruded billet, as opposed to the upset-forging- and! coining
method used to fabricate the FL.A3E nosetip segens iSection 5.0). Both nosetips utilizedsataratlum-
10 percent tungsten allov sleeve for structural attachment to the vehicle. The sleeves urere shrinL-

fitted onto the shank of the plug mosetip uith 3 nominal interference of 0. 002 inch. The stud and

segment stack assembly in the segmented design were retained by a tanitalumi tot threaded to the aft
-Aedof th td h o a ece gis pig ahrt rvd iie oeett 1m

-modate thermal expansion of the segmest stack relative to the stud.

4.1 DESIGN ANALYSES

4.1.1 Thermal Analysis

Calculations were performed to wrcict the aerotiserinal resiase o( time solid and seg-
meted HEARTS/ERN designs Illustrated in Figures 'M and 85. The calculations assumned a clear air

environment and used the two design trajectories sbOult In Figures- Z6 and 87 (from Reference 32).

A
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ACOUSTIC TRANSDUCER A6
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Figure 84. HEARTS monolithic tungsten nosetip.
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Figure 85. HEARTS segmented tungsten nosetip.
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Figure 87. IHEARTS design trajectory number 2.
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Both trajectories had plannod entry flight path angles (Y.) of 35 degrees, Nith the small difference in
entry velocities (V,) corresponding to the two different boosters used in the HEARTS I program.
Most of the design calculations used the slightly more severe Traictory No. 2 (Figure 87).

Two-dimensional nodal networks were constructed to represent the two nosetips for the
heat conduction calculations. The networks for the solid and segmented designs are illustrated in
Figures 88 and 89, respectively. Two thermal models were considered to describe heat conduction
in the segmented nosetip. In the first model, perfect thermal contact was assumed between all com-
pononts. This, of course, is equivalent to the solid nosetip network (Figure 88) and produces the
maximum temperature gradients in the nosotip. For the second model, the segments and collar
were assumed to be in perfect thermal contact, and this asseribly was considered to be perfectly
insulated from the center retention stud (although radiation between the segments and the stud was
permitted). This second network model (Figure 89) is believed to be more representative of actual
conditions since the segments are maintained in axial compression throughout the flight, but are free
to expand or move relative to the stud.

The thei mophysical properties of tungsten used in the thermal response calculations are
summarized in Table 24. The density, melt temperature, specific heat, and heat of fusion were
obtained from Reference 33, and the thermal conductivity data are from Reference 34. The total
hemispherical emissivity data were obtained from Reference 35 and are based on measurements
made in a vacuum. No attempt was made to account for the possible effects of a surface oxide on
the emissivity.

The ablation and heat conduction calculations were performed with the NOSEC (NOsetip
Shape change, Erosion, and Conduction) computer code, which is described in Reference 7. The
thermochomlcal ablation model for tungsten, described previously (References 22 and 36), assumed
chemical equilibrium in the gas phase with kinetic effects occurring only at the ablating surface.

J.
NF

o00 0.40 iO 80 1.0 f.6' 2.OO '0 . .2.,4t0 2.8 3:2 ' .0 44

Z-AXIS

Figure 88. Thermal nodal etork for solid IIEARTS/ERN nosetip.
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D -ns-iy- 1198 lb/-t3

I1oat of Fusion: 82.4 Bta/lb
Malt Temnperature: 61109r

TEM ,PERATURtE CONDUCTIVITY SPECIFIC 11EAT EMISSIVI1TY
(OF) (Btu/tt-sec-°F) (Dtu/Ib-°F)

-10. 0.02985 0.0310 ---

32. 0. 02921 0. 0313 ---

SO. - ... 01043

260. 0.0.0 00 0.032.0 0.0053

620. 0. p e231 0.0333 ---

980. 0.02054 0.0314 0.O6

1343. 0.01942 0.0358 ---

1880. 0.01814 0.0375 ---

2240. -- ... 0.195

3140. 0. 01605 0.0419 ---

4040. --- --- 0.300

4580. 0.01485 0.0487 ---

6020. 0. 01436 0.0802 ---

6740, -.. --- 0.360

10000. 0. 01436 0. 0802 ---
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The basic assumptions and methods used in the convective heating calculations were the
same as were used in the A.N.T./ERN detailed design analyses (References 2 and 22). The surface
heat transfer distributions were computed by standard smooth-wall methods and then modified to
account for: 1) the effects of surface roughness on the onset and progression of boundary layer tran-
sition, and 2) the development and increased heating effects of surface roughness.

Boundary layer transition was predicted by the PANT criterion (Reference 37) using a
characteristic surface roughness height of 0.5 mil. The effects of uniformly distributed (sand-grain)
surface roughness on the laminar heating distribution was included using the method of Reference 38.
These laminar calculations used the same effective roughness height as that used in the boundary
layer transition predictions.

After transition is predicted, the local surface roughness height increases and can be
characterized either by a larger sand-grain roughness or by the crosshatched/scallop pattern type
of surface roughness. The sand-grain roughness was assumed to increase at a rate equal to 20 per-
cent of the local surface recession rate, to a maximum value of 2 mils, and the smooth-wall turbu-
lent heat flux was augmented by the expressions of Powars (Reference 38). The formation and
augmented heating effects of crosshatching and/or scallop patterns were described by the methods
of Grabow and White (Reference 39). The scallop pattern type of roughness generally was used for
tungsten in turbulent flow. Sand-grain roughness was used if the scallop formation criterion of
Reference 39 was not satisfied. However, the calculations indicated that scallop patterns would be
predicted in the forward nose region for all reentry cases of interest. (This may represent a defi-
ciency in the analytical modeling for tungsten, since the SAMS/ERN flight results, describe in
Reference 2, indicated that the scallop patterns would form only in flight through erosive environ-
ments. However, the higher heating augmentation factors associated with scallop patterns represents
a conservatism in the design calculations. Furthermore, it remained tobe proven if there would be

a greater tendency for scallop pattern formation in higher performance flight regimes.)

The thermal response of the monolithic design was computed for both design trajectories
(Figures 86 and 87), while the segmented configuration was analyzed only for the more severe Tra-
jectory No. 2 (Figure 87). For all three cases, the tungsten was assumed to be exposed suddenly
at an altitude of 35, 000 feet. Since the tungsten was covered with a teflon glove prior to the exposure
altitude, the nosetips were assumed to be at a uniform temperature of 70°F at the time of initial
exposure.

The computed stagnation point recession histories for the three cases are shown in
Figure 90. Figures 90 (a) and 90 (b) compare the monolithic nosetip recession histories for the
two design trajectories; as indicated, the difference is very small. The predicted recession history
for the segmented design is presented in Figure 90 (c). The corresponding nosetip profile histories
are illustrated in Figure 91 for all three cases.

Internal temperature distribution histories were computed for use in the nosetip thermo-
structural response predictions (Section 4.1.2). The ccmputed in-depth temperatures are illustrated
in Figures 92 and 93 for the solid nosetip and the segmented nosetip stud, respectively. The results
are shown in the form of lines of constant temperature (isotherms) at several different altitudes.
(Note that the scales of the nosetip coordinates are different in different portions of Figures 92 and 93.
This is a result of the response of the automatic plot routine as the nosetip shape changed due to
recession.) These temperatures, along with the computed histories of the nosetip shapes and surface
pressure distributions were output on magnetic tapes for direct input to the structural analysis com-
puter codes.
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(a) Solid design, trajectory I
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(c) Segmented design, trajectory 2
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Figure 91. 11EARiTS/ERN predicted ablation profile histories.
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4.1.2 Structural Analysis i

4.1.2.1 Monolithic Design

+ The results of the preceding nosetip thermal response predictioits were used as inputs
to a finite element therniostructural analysis. Mlechanienl. ohysieal and s'rength properties required

"for the analysis were taken from References 2. 20 and 21.

~The predicted minimum margins- of-safety are n~lotted as ftnctions of altitude In Figure 941,
S which also shows the location history of the critical elemet..':elatxe to the original (unablated) geomi-

etry. The analysis was completed initially with a data base anJ v,.aterial model developed for 3-inech
diameter extruded billets of thoriated tungsten. Three Uwne points were subsequently repeated using
a material and strength model developed specifically for the Rylvania "fine-grain" material from
which the nosetip was machined. These results are also give-n in Figure 9.4 and show little difference

from the previous results.

I0(KS1 KS1 KS1, -F)V

t ~ (42.2, 4,5.1. 69.8. 159 . A
V

~~t: ,t so -

AAI
_ o-

4... Mooiti D7.3esi1g5.n 20

S (9.th af e c 9.2. 267a 21.

whc al o w3h oainhsoyo h rtcleee. ea~ to. th.2 zoriia (nbae em

"GE" .AAAMlt U-.., .$.5. 70.3. 2S3)
Z : 0 PROPERTY DATA

etr. TwI. .a el.p 350)

da t (e0r.4. b t t a.6. 59. s r

35 30 25 20 15 10 5 0

~ALTUDE (KFI)

Figure 94. AMininmm brittle margin-of-safety versus altitud. ,
[ ItEARTS/ERN solid nosetip.

Two imporant aspects of tungsten material behavior were omitted from the analysis.
First, the brittle material volume effect would probably indicate much lower margins-of-safety thane
determined. since the stressed volume is higher than that of the tensile test coupons from whih the

strength data were derived. The other consideration is that of crack, propagation. Late-time ne. tive-|

observable flight failure. A crack initiating in flight may only propagate through the brittle zone to
the boundary of the ductile zone. This case becomes catastrophic only when. later in flight. the

rv
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ablation front reaches the crack and material is removed. If the crack forms late in flight, as indi-
cated by this analysis, the crack may never be exposed prior to successful impact. I

4.1.2.2 Segmented Design j
The thermal heat conduction analysis of the segmented design concept assumed that the t

boundary between the segment stack and the stud was insulated. As discussed in Section 4. 1.1. this
was judged to be the most realistic model of the nosetip. The 1500OF isotherm at 20.200 ft altitude
is sho\wn in Figure 95 for the segmented design for both the insulated boundary condition and for a
condition of perfect thermal contact. The figure illustrates the effect of the insulated boundary. It I
also shows that the isotherm is essentially perpendicular to the segment boundaries. indicating that
little heat flows across segment boundaries. Consequently, the thermal contact boundary condition

between individual segments is not important.

(a) Non-insulated j

R

20.2 KFT

* 1500F ISOTHEWR -I
sI

(b) Insulated along stud-segment boundary I

INUVDSURfACEI

Figure 95. Internal temperature comparison of insulated ,
and non-insulated segmented nosetips. I

The computed minimum margins-of-safety in the stud and segments are shown as functions I
of altitude in Figures 96 and 97. respectively. The results indicate a significant improvement over
the solid (monolithic) design. In addition, the volume of stressed material is much less in individual _
components than in the monolithic design. If the brittle material volume effect had been taken into
account, the Improvement in probabilty of failure would have Ieen more dramatic.

.2 FLIGHT TEST RESULTS f
Tungsten nosetips were flight-tested successfully on two HEARTS 11 rz! entry vehicles.

The solid (monolithic) design was flown on HlEARTS Vehicle 106. which was launched on an Athena C !

t
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booster from Wallops Island, Virginia on 20 January 1975. The segmented design was flown on
Vehicle 112, which was launched on an Athea D booster, also from the Wallops sland facility, on i
2 April 1975. Vehicle 112 was flown In a clear air environment, while Vehicle 106 encountered a
very light (and undefined) cloud environme-nt at low altitudes (below 16,000 ft)."

5| Both nosetips survived to isapact with no evidence of thermostructural failure or asym-

metrIe ablation. The flights were considered to be completely satisfactory demontirations of the
feasibility of the ERN concept in a moderately severe clear air reentry flight environment. In par-
ticular, it was noted that the performance of the segmented design was Identical to that of the mono-
lithic design in all respects. There was no measurable evidence that the segmented construction

caused any change in the nosetip flow or ablation characteristics.
!| Each nosetip %%ws instrumented with a K West pulse/echo ultrasonic ablation sensor =W -

with 16 thermocouples. The monoithic nosetip used a shear wave transducer (the baselineA.N.T./
ERN sensor), whle the segmented design was equipped with a compression wave transducer that was
being evaluated as an alternate sensor. In- both fights, the return echo disappeared within one second

after remoial of the teflon glove. and no usable recession measurements were d. The 16
thermocoples were positioned at various locations within the nosetip and heashield to provide mate-

rials performance data and diagnostic information. Nearly all of the thermocouples performed sais-
factorily n the flights.

i ! Detailed post-flight analyses were conducted only for the monolithic nosetip flowin nnl

Vehicle 106. The results of these analyses are presented in this section. The derived performance
of the tungsten nosetip is described in Section 4.2. 1, and the nosetip skirt heats-hield performance Is
discussed in Section 4.2.2.

4.2.1 Nosetip Performance

The tungsten nosetip, illustrated in Figure 54, was a sphere-ogive configuration with an
initial radius of 0.66 inch. The nosetip was of monolithic (i.e.. solid) construction and was fabri-
cated from a 2.62-inch diameter extruded billet of Sylvania "fine-grain" tungsten. The skirt heat-
shieldwas a conical frustum of 5055A tape-wTapped carbon phenolic, with a wrap angle of 26 degrees
from the axis of symmetry. The plies were oriented in an aft-facing direction. The forward portion
of the nosetip uas covered with a teflon glove, designed to burn through and provide sudden exposure
of the tungsten at an altitude of approximately 35 kft. The initial spherical nose radis of the teflon

cap was 0. 75 inch.
The HEARTS II reentry vehicles are conical frusta with a half-angle of 6.43 degrees.

The heatshield material is the same type of carbon phenolic used for the nosetip skirt heatshield *
( describe-d above). The nosetip/rehicle interface is located at vehicle station 16.69 Inches. mea-
sured from the theoretical cone apex. The overall dimensions of the iARTS II vehicles are sum-
marized below:

HEARTS It RV 106 DIMENSIONS

Weight 61.891 lbs
Length 34.01 inches -l

Brse Diameter 9.112 Inches
Cone Half-Angle 6.43 degrees
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sensor (Figure 84k). One thermocouple (AI) was designed topoide an indication of teflon cap rce-
mfoval; eight thermocouples were allocated to measure the response of the carbon abenolic skirt
heatshel (the post-flight evaluation of the beatshield instrumentation is discussed in Section 4.2.2);
one thermocouple (-Al) measured the temperature of the ablation gge transducer: and one thermo-
couple LAS) was designed to provide an indication of possible catastrophic failure of the tungsten, by
measuring the internal gas temperature. The reiainin ietemculsmaue h thermal

response of the tungsten nosetip and tantalum holder at three different a.'dal locations in the shank
region. AUl 16 thermocouples functioned satisfactorily daring the flight.

The ultrasonic ablation gage used a pulse/echo shear wave transtucer with a frequency
of 1.5 mliz. During the flight the return echo decreased suddenly soon after tungsten e-xposure am'
became undetectable. No, useful data - -ere obtained from the ablation =ae. 4

The flight trajectory was nominal with two exceptions: 1) separation imposed a periodic -
motion on Vechicle 106 (but not on Vehicles 10-4 or 105. witich were launched k-a the same booster)

that produced maximum angles-of-attack in excess of 20 de-rees- at altitudes above 150 kft: andX
2) the clouds were at low-er altitudes thai. desired so that the weather enviroam ent was encountered
at loxer-than-plantned velocities.

Tra~jectories for the three vehicles were reconstructed by Xonics. Inc. (Reference 40)
using digitized axial rncceleronieter data. WNhile pitch andi yaw accelerations also pro-ride contribu-
tions to total vehicle acceleration. they are important only for large pitch and yaw angles and wereE
not included in the Xonics reconstructions. In view of the lar--e pitch and yaw angles seen by Vchi-
c 106, it was believed necessary to eoxamine this simnpification. To provide an upper bound for

the influence of pitch and yaw accelerations, the trajectory was reconstructed by PDA using a normal
acceleration history obtained fromn the envelope of the peak values recorded by- the- var acceleronmeter.
The following expressions were used to accouat for ageo-tckeffects:

'X A L ~aM UL a

1.- - L IlVEIIICLIX

P V ~A
- ~ do BASE.

in which V ~a L are the measured accelerations. anTd s given in Figure 9S%.NOR'.AL nL

Since the Xonics trajectory was recionstructed using digitized data. whtile the PW recon-
sqtroction described above was basecd on :ata extr-acted manuall r h ~~ahrcrs th
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Figure 98. HEARTS/ERN normal force coefficient derivative.

Xonics trajectory was believed to be inherently more accurate (excluding angle-of-attack effects).
Consequently, trajectories were reconstructed by PDA both with and without angle-of-attack contri-
butions, and the Xonics trajectory was then modified by the computed differences in the velocity and
altitude histories caused by the angle-of-attack. Figures 99 and 100 show these four trajectories.
It is seen that inclusion of the angle-of-attack contribution to drag in the trajectory reconstruction
produces an altitude difference of 3200 feet at 100 kft. This would imply that, for Vehicle 106, the
Xonics trajectory reconstruction should have predicted an altitude at loss-of-signal 3200 feet lower
than the altitudes predicted at loss-of-signal for Vehir!co 104 and 105. This altitude difference is
actually only 315 feet, indicating that the above analysis provides, as intended, an upper bound on
the influence of angle-of-attack on the trajectory, since the envelope of peak angles was used. It
also indicates that the true trajectory is probably closer to the baseline trajectory given in Refer-
ence 40 than that modified above to account for angle-of-attack effects. Therefore, the trajectory
reported by Xonics (Reference 40) was used as the baseline trajectory for all subsequent calculations.

No quantitative cloud density data were obtained because the clouds were below the air-
craft flight sampling altitude of 16,000 feet in the region of the vehicle flight path.

The ablation of the teflon glove was calculated using an effective heat of ablation, Q*,
given by

+ - "+"(hr - I) Btu/lb (5)
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along with the following material properties: V
Thermal Conductivity, k 3.89 x 10-5 Btu/ft-sec-OR

Heat Capacity, C = 0.25 Btu/lb-°R
Density, P = 137 fb/ft3

Laminar Blowing Parameter, T'LAM = 0.44

Turbulent Blowing Parameter, ?7TURB = 0.175
Ablation Temperature, Ta = 1660OR

A series of ablation and shape change calculations was performed to determine the sea-
sitivity of the teflon glove removal altitude to the expected error band in entry angle and velocity for
trajectories predicted both with and without angle-of-attack effects. These calculations, which were
performed in conjunction with the angle-of-attack analysis discussed previously, used a NOHARE
code option in which a spherical earth ballistic trajectory prediction is combined with the ablation
and shape change calculations so that the analysis represents full coupling between vehicle shape and
weight change, drag, and the trajectory. The same boundary layer transition and rough surface
heating assumptions used in the pre-fltght analysis (Section 4.1.1) were used in these calculations.

The results of these analyses are shown in Figure 101, along with the cap removal condi-
tions obtained from the trajectory reconstruction. In the NOHARE analysis, cap removal was assumed

to occur when the teflon burned through at the sonic point. Actual removal was seen in the telemetry
data as a sudden rise in the response of Thermocouple Al and as a spike and a change in the shape of
the curves o1 all three accelerometer traces 6.40 seconds before loss-of-signal (vehicle impact).

NOIIARE Predictlois

* Accelcrometer Data leconstru3tion

Entry Angle

f38 Error degree)

Nominal No a
-0.5

S 36 ~:l}
No Noim

N 34

-. 0

.W 32

30

-400 -200 NominalI .20n 4400

ENTRY VELOCITY ERROR (rT/SEC)

Figure 101. IlEARTS/ERN teflon cap removal nintp.

135j

-_ _ _ _ _ _ _ _ _ _ _ _ _ _-_



The altitudes corresponding to 6.40 seconds before impact were obtained from Figure 99. it can be
seen in Figure 101 that the cap removal altitude is relatively insensitive to errors in entry conditions.
It also is seen that the removal altitude predicted for the nominal entry conditions is within 1000 feet
of the removal altitude determined from trajectory reconstructions, with or without the inclusion in
the analysis of angle-of-attack effects. Figure 102 shows the predicted teflon cap profiles for nomi-
nal entry conditions, including the effects of angle-of-attack.
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0.000 300.0W

10.000 i99.18
15,. O 14$.04
20.000 96.71
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.26.33 31.90
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. 0.0 0.80 I.00 2 4' J.20 4I2 . .O. 5.0 6.40 7..0
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Figure 102. CoInputed teflon ca.p sliap hi:,tory.

The tungsten nosetip and t -sqtalum bolder wer' a --iy us"ang the NOSEC code with the
coupled t'ajectoiy calculation option. T-c aodal network usc n tiesc calculations is shown in
Figure 103. This network is the same as tf, pre-flight iiet.ork (Figure 88), with the exception
that the tantalum-10 percent tungsten holder was ;m0delcd tu permit correlation of the measured
temperature histories in the shank region. The influence of angle-of-attack on the trajectory after
teflon cap removal was studied and found to be negligible due to the low pitch and yaw angles experi-
enced. The following conditions for the analysis were taken from the Xonics trajectory reconstruc-
tion for a time 6.40 seconds before loss of signal:

Vo = 14,650 ft/sec
Zo = 3.1,700 ft
Yo = 35. 56 degrees

It has been found from SAMS flight tests (Reference 36) that the primary effect of weather
, on tungsten nosetips is to trigger the formnation of surface scallop patterns in the region of turbulent

flow melting ablation. Since almost all of the nosetip ablation on this vehicle occurred above 16,000

feet and since no weather was encountered above 16,000 feet, the flight was analyzed using the clear
air methodology outlined in Reference 36. Figure 104 shows the predicted nosetip profile history.
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Figure 103. 11EARTS/ERN tungsten nosetip
post-flight nodal network.
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Figure 10.1. Computed 11EARTS/ERN tungsten
nosetip ablation profile history.
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i@ Figures 105 through 107 compare the telemetered thermocouple data to the predicted
tungsten or tantalum surface temperatures at the points closest to the thermocouple junctions. It
is seen that in each case the predicted surface temperature exceeds the recorded thermocouple
response. The following three causes were considered to explain this lack of agreement: 1) poor
thermal contact between the thermocouple junction and the nosetip, 2) actual recession of the tung-
sten that was lower than predicted, and/or 3) lower thermal diffusivity (K/PCP) than that used in
the analysis. \
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Figure 105. Comparison of measured and computed temperature
histories, tEARTS/ERN solid nosetip location 2. u
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isenta Figure 106. Comparison of measured and computed temperature
thistories, HEARTS/Ei N solid nosetip location 3.
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Figure 107. Comparison of measured and computed temperature
histories, IlEARTS/ERN solid nosetip location 7.

After surveying the thermocouple installation techniques and the measured el,.trical I
resistance between the thermocouple and the nosetip, it was decided that the thermal contact error

should have been much less than the observed differences between predicted and measured tempera-
tures. The pre-flight resistance measurements showed that thermocouples A7 (bonded in position)
and A3 and C3 (peened in position) were in good electrical (hence, thermal) contact with the nosetip
prior to the flight. Thermocouples A2 and C2 were not in electrical contact with the tungsten when
the vehicle was assembled for flight (although they had been in contact before the bond cured). Con-
sequently, the physical separation between the junctions of A2 and C2 and the tungsten surface appar- i-
ently was due only to the very slight expansion that the bond undergoes during curing.

To provide an economical method for evaluating the influences of recession and diffusivity,
the nosetip was idealized as a one-dimensional slab with constant diffusivity. It was found that the
temperature histories predicted by the two-dimensional NOSEC analysis for thermocouples A2, A3,
C2, and C3 could be matched quite accurately using the one-dimensional analytical solution of Ref-
erence 41. This one-dimensional method predicts higher temperatures than the NOSEC analysis for I-
thermocouple A7 at the back surface of the nosetip, but this is felt to be due primarily to the fact
that the one-dimensional solution ignores the presence of the tantalum holder, while the NOSEC anal-
ysis includes it. A summary of the one-dimensional model is:

Physical Model: 2.32-inch thick slab F
Material Properties: K 0. 025S Btu/ft-sec-°R

0.0290 Btu/lb-°R
1192 lb/ft3

= K/PC
0.00747 ft2 /sec

Boundary Conditions: T(x) = 70°F (t = 0)
T(x 2.32) = 5000 0 F (t > 0)
Adiabatic surface at x = 0
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Figure 108 shows the one-dimensional model superimposed on maps of the isotherms predicted with
the NOSEC code. It is seen that the one-dimensional model appears to provide a reasonable physical t
representation of the NOSEC model, and it is noted that the heat conduction predicted by the NOSEC
code is very nearly one-dimensional during the latter portions of the flight, as illustrated in Fig-
ures 108 (b) and 10S (c).

To examine the sensitivity of the thermocouple responses to changes in recession, the

temperature histories at the thermocouple locations predicted by the one-dinensional model were
calculated for slabs 0.25 inch and 0.50 inch thicker than the nominal. Note that if these differential
thicknesses were applied to the stagnation point recession, they would represent reductions in re-
cession of 17.5 percent and 35 percent, respectively. Figures 109 through 111 compare the NOSEC
two-dimensional predictions, the measured temperatures, and the one-dimensional predictions for
the three slab thicknesses. It is seen that the one-dimensional temperature predictions match the
measured temperatures quite well for the analysis in which the slab was increased in thickness by

0.25 inch. (It also should be noted that the one-dimensional results are in generally go d agreement
with the two-dimensional results for the nominal thickness.)

To examine the sensitivity of the thermocouple responses to changes in diffusivity. the
thermocouple histories predicted by the one-dimensional model were calculated for diffusivities
17.5 and 35 percent lower than the nominal value. Figures 112 through 11-1 compare the NOSEC
predictions, the measured temperatures, and the one-dimensional predictions for the three diffi-
sivities. It is seen that the one-dimensional temperature predictions match the measured tempera-tures quite well for the analysis in which the diffusivity wvas 35 percent lower than nominal.

Thus, it has been shown that the temperature histories can be matched either by assuming
a 17.5 percent reduction in nosetip recession or by a 35 percent reduction in diffusivity by using a
one-dimensional idealized model with an effective length and diffusivity chosen to best match the
NOSEC predictions. Due to the well-documented and regular behavior of the diffusivit" of solid

tungsten, a 35 percent error in diffusivity (averaged over all temperatures) appears unlikely. Con-
sequently, it is concluded that the ablation model used in the NOSEC code oterpredicted the recession
by a factor on the .rder of 17.5 percent. This overpredictioa could be due to any one of several
factors. Additional analyses and data correlations would be required to determine the specific cause
(or causes) more precisely.

Figure 115 compares the axial acceleration history predicted by the coupled nosetip

ablation and shape change trajectory analysis with the telemetr- data. It is seen that the agreement
is excellent. To show the influence of shape and weight change on drag, this trajectory was recal-
culated for a vehicle with constant (initial) shape anti weight. It can be seen in Figure 115 that this
calculation underpredicts the drag Iy nearly 30 percent ani results in a predicted impact time nearly
one second early. This comparison tends to verify the ablation and shape change techniques used.
Note that the analysis of the thermocouples on the tungsten tip indicated that recession probably was
slightly overpredicted. The fact that peak drag also is slightly overpredicted supports this conclusion.

-1.2.2 lieatshield Performance

The forebody heatshield (forward of vehicle station 16.69) was FM 5055A carbon phenolic
with a 26-degree (aft-facing) wrap angle. and it was designed and fabricated by PDA. The monolithi,
nosetip assembly showing the heatshield configuration is presented in Figure "4. The heatshield was
instrumented with six in-depth thermocouples and two heatshield substructure bondline thermocouples.
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Figure 115. Axial acceleration history correlation.

The thermocouple types and positions are shown in Figure 84. Thermocouples B1, B2, D1, and D2
w!ere tangsten/tungsten-26 rhenium, sheathed in 0. 008-inch diameter (outside diameter) tantalum
tubing; thermocouples B3 and D3 were Chromel-Alumel, sheathed in 0. 032-inch diameter steel tubing;4I and thermocouples A5 and A6 were glass-wrapped Chromel-Alumel.

The in-depth heatshield thermocouples were installed so that, from the junctions, a mini-
mum of 0.35 inch of lead wire was located in an isothermal zone. This was done to minimize tem-
perature differences between the junction and the heatshield induced by heat conduction along the lead
wire. The thermoccuples were installed by cutting the heatshield along th-t ply direction, running
the lead wire along the plies to the desired radial position, and then making a 90-degree bend and
routing the lead wire circumferentially (at a constant vehicle radius) so that the junction was a mini-
mum of 0.35 inch from the 90-degree bend. Figure 116 is a sketch showing the routing of the lead
wires. After the thermocouples were installed, a mating aft heatshield was bonded to the forward

heatshield. This installation method was tselected over a thermocouple plug assembly since plugs
cause interruptions in the plies which, in turn, can induce vortex shedding and/or aggravated ablation
at vehicle positions near the plug. Inserting thermocouples along the plies does not cause interrup-
tions in the plies, and the method does not induce aggravated ablation (Reference 2).

The tungsten nosetip and a portion of the forebody heatshield were covered with a teflon
glove. The teflon glove was designed to burn through at 35 kft. The teflon glove and its position
relative to the in-depth thermocouples are shown in Figure 116. As can be noted, thermocouples B2,
B3, and D3 lay beneath the teflon glove and are insulated from direct aerodynamic heating prior to
glove removal.

A one-dimensional charring ablation analysis was performed at the vehicle station corre-
sponding to the location of thermocouples BI and DI (see Figure 116) using the PDA Ablation-Coaduc-
tion-Erosi, (PACE) computer code. The heatshield thermal properties used in the analysis are
presented in Table 25. All properties except the char conductivity are the same as those used in

145



Refer-ewe ________ 2. Ih c4rcnwvt o -eread9-ege oroinain badfo

Refeenc 42andmodfie fo the26-egre w anle ccoiftto te flloingo~vsio ftm 7

Referece 43

k
I~I

TIC Ax RI S 0 w

Dk 3S 0-1 Ias 1.1 (-I si (
D2~~~~ ~ 3.S 0.411 ] .% SII

DS 34461-&2W1 1251 .3624L2

Figue 16. EARWERN --~d oseip batsiel ibrmocupl loatin-

_______________ covciebIir o~in sdi hebasil nyi ir bandfo

the ~r DeaingAnd ~cesio (NRARL coe fr te xdl lcaton f tbrmooups B an

___tton2.. ___s conLton were use topeitterspneo l t bas hro
couples Th trjcoyue9nteclultoswsotie)rmRec w 4adi uta

in Fgur Mo Boudar laer tanstio assmed o ocuraccodin tothe
LCIL" tanstioncrierin dscriiedin efeence2. sin a haratersti roghnes bigNof

0.004 ich or am~ flw. Rugbessaugentd ws ud fo boh ]minmd urblet
flow Th tubalet fow urfce rughss oul be f ethe th uniormy dstroted(i~.. and
grai) tpe wit a zwdum eig!t o 0.002iwb orthescalop ypeof urfce attrns

&x ~rc 8 ui 14aj 3.71 .2:8 1.21 1422 38 .0x

12 3783 .637 1.2: 1.33 ~ .1t



~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~t ................ ' . , . % .. .. = : ? ... ;== - '

Table 25. Thermal prorerties of ca'bon phenolic.

Conductivitles Specific Bieats
(Btu/ft. -sec. -Oi) (I3tu/bm-0Yn)

Temperature
(011) Char Vlrgh Char Virgin

460 0.148 x 0-3 0. 874x10 4  0.235
660 0. 1S6 x 10 0. 112x0 - 3  

- 0.310
860 0. 163 x 1- 0. 124x10 3  

0.0602 0.352
1060 0. 175 x 10 0.130x10" 3  

0.0794 0.547
2000 0.247 x 10-, 0. 20LxI0"3  

0.274 0.070
3000 0.381 x to : . 0.3414000 0.603 x 10":, 0.3.10x10 "3  

0.371
4Q00 0.3715 1 Z

5000 0.977 x 10 0.384 -
6000 1.509 x 10 0. 48tx10- 3  

0.400 1.560

Arrhenius Constants

For the cxprosslon:

I A1 Obm/ft2-sec) E/H (°N)

1 0. 001815 420
ii2 248. 12.700

3 S. 009 E6 28.200

1'tn -2 (for all i)

General Informaitf-..

Dmisitics Obm/ft3 )  

i

- Virgin -90.4
- Char -74.0

Chatr Temperature: 1060"R

Specific leat of Pyrolvsi Gn: 0.4 fltulbmga

Ite rt of l'Xr l\ sn. : 1650 Btu/lbmn

As can be noted in Figure 116, thermocouples I and D1 are positioned just It of the
teflon cap. At this station it is anticipated that the flow will, bc sepai ated and the convective heating
prior to cap removal will correspond to separated cavity heating indu .,d by a rearward-facing step.
To model the sepu'ated cavity heating, the correlations of Reference 45 were used to correct the
attached flow predictions from the NOiARE code. The correlations of Reference 45 are summarized
in Figure 118, where the ratio of the sepu'ated flow heat transfer coefficient (11) to the attached flow
coefficient (110) is presented as a function of the dowmstream distance-to-step height ratio (X/Z),The convoctiw heating tit station 12.99 prior to cap r'emoval was computed with tile NO11ARE code by

modeling the toP, m cap ablation in the vicinity of the thermocouples. The teflon configuration andalation properties used in the analyses were described In Section 4.2. 1. Tlhe instantanemus teflon

cap thickness (Z) md attached flow heating coefficient (110) were used in conjunction with Figure 118to find the separated flow heating coefficient (11). The predicted teflon thickness (Z) history is pro-

sented In Figre 11j. The resultant convective heating condition computed for the heatshleld station
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is presented in Figure 120. For comparison, the attached flow convective heating condition also is
shown in the figure. As can be noted in Figure 119, the heatshield originally under the cap was ex-
posed to direct aerodynamic heating at 6.8 seconds prior to impact, which corresponds to a. altitude
of 40 kift. Complete cap removal was predicted to occur at 34.7 kit (Section 4.2.1).
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Figure 120. Sidewall convective heating history,
IIEARTS,ERN R/V 106, Station 12.99.
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The predicted hcatshiold surface and char front recession histories are presented in
Figure 121. The total surface ablation depth at vehicle station 12.99 inches is predicted to be
approximately 0.042 inch. The predicted heatshiold temperature response histories are compared
with flight data in Figure 122. The agreement botween the measured and computed temperature
histories is secii to bo reasonably good at the three thormoco'aple depths.

S. l. 0

S :i. rI.0 Is. .0 31.4 ):.a

Figure 121. Computed heatshield surface recession and char depth
histories, IIEAIITS/ERN fl/V 106, Station 12.99.
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Figure 122. Comparison of measured and computed heatshielr tempera-

trehistories, IIEARTS/RN /V 106, Station 12.99.
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Thermocouples A5 and A6, both of which measure heatshield-to-substructure bondline
temperatures, did not measure any temperature change during flight. Thermocouple A3, which is
on the tantalum holder below thermocouples B2 and B3, reached a maximum temperature of 450°F
during flight. Comparing the in-flight responses and positions of thermocouples B3 and D3 (neither
of which showed any significant temperature rise) with A3, it is concluded that A3 was heated con-
ductively from the tungsten nosetip rather than by conduction through the heatshield. From the
responses of these thermocouples, together with the computed results of Figure 121, it is concluded
that the heatshield maintained the substructure at temperatures well below their upper operating
temperature levels (-3000°F for tantalum and -1500OF for Mallory).
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5.0 FLAME/ERN DESIGNS

The last step in the evaluation of tungsten nosetips at sub-ICBM conditions was a series
of two flight tests on FLAME (Fighter -Launched Advanced Materials Ex periment) vehicles. FLAME
is an aircraft-launched vehicle consisting of a tw\o-stage rocket and a payload (i. e., "reentry" vehi-
cle). The assemblies were launched supersonically from F-4 aircraft at altitudes of approximately
60 lft. The rockets then boosted the payload to a peak velocity of around 1.1, 000 ft/sec at altitudes
of 35 - 40 "lft, thereby providing reasonably good simulation of the low altitude portion of reentry
flight (Reference 46). The payload was designed (Rleference 47) so that portions of the vehicle, in-
eluding the nosetip, could be recovered intact for post-flight examination and evaluation.

One monolithic tungsten nosetip and one segmented tungsten nosetip were designed, built,
and flight-tested in the FLAME program. Both nosetips were of the same external shape, as shown
in Figures 123 and 124. The initial spherical nose radius was 0. 60 inch, tile cone half -angle was
9.3 degrees, and the tungsten overhang length w\as 3.25 inches. Both nosetips were made from
3. 0-inch diameter extruded billets of 2 percent thoriated tungsten, as described in Sections 5. 1.2. 1
and 5.1.2.2. No thermal instrumentation was used on the segmented nosetip, while the monolithic
design contained only a compression wave pulse/echo type of acoustic recession sensor.

The following paragraphs summarize the thermal and structural design analyses of the
two FLAME/ERN configurations and briefly summarize tile flight results.

5.1 DESIGN ANALYSES

i!]5.1. 1 Thermal Analysis

" : The thermal response of the t\.o FLAIME/ERN designs illustrated in Figures 123 anti 12-1

-!was predicted for use in the structural design calculations (Section 5. 1. 2). The calculations assumied
;, a clear air environment and used the design trajectory illustrated in Figure 125. The trajectory

i assumed ballistic flight to impact, although it was planned to initiate the recovery sequence at a.n
! altitude of approximately 16 kft.

SAll of the assumptions and mnethods Used to compute the therl-1 response of tile nosetips
-. were the same as described previously (Section .1..1) for the IlEAIRTS/ERN nosetips. "Vhe two-

dimensional nodal netw\orks used to represent the nosetips are shown in Figures 126 and 127 for the
-t : solid anti segmented designs, respectively. As with the IIEARTS designs, tw\o limiting thermal
-, models were used to describe heat conduction in the segmented nosetip. In the first model (Fig-
;: ure 127 [a)) perfect thermial contact was assumed betwveen all components. This model is equivalent

, -to the solid model netwvork (Figure 126), with tile exception of tile slightly different tantalum -10 percent

:-!tungsten holders used to attach the nosetips to th~e aft structure. In tile se cond model (Figure 127 [b]),
A_ all of the segments are in perfect thermal contact, and this segment assembly was considered to be

perfectly insulated from the center retention stud. Thus, radiation was tile only miode of hecat trans-
[g :fer between tile segments .ad the stud in this thermual model. This second net\,ork, model was believ'ed
i to be more representative of actual conditions since ite segments are maintained in ,axial compression
< ,throughout the flight, but are free to cxpard or move relative to tile stuid.

! Originally it was intended that the FLAME/I.RIN tungsten nosetips would be covered with

teflon gloves, similar to tile t1EARTS/ERN designs, sized to burn throg andi provide sudden expo-
:mi - sure of the tungsten at 35 kft. Because of this requirement, the nosetip design calculations assumed

a uniform initial temperature of 70°IF at'15 kft. Although it later was decided, because of tle
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Figure 123. FLAME solid tungsten nosetip.

I MALLORY 1000

j TANTALUMI
CARBON

PH ENOL.IC

8.16-

Figure 124. FTAME segmented tungsten nosetip.
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comparatively mild (relative to conventional reentry flight) "high altitude" flight environment, that

it was not necessary to use the teflon glove, the analysis was not repeated using the extended heating

period. It was believed that the assumption of sudden exposure at 35 kft provided a conservative

boundary condition for the thermostructural response calculations.

The computed nosetip recession profiles at various altitudes are shown in Figure 128.

These profiles are essentially identical for all three analytical models, since the surface recession

histories are nearly independent of differences in the internal heat conduction paths. The corre-

sponding stagnation point axial recession history is shown in Figure 129. The computed histories
of the internal temperature distributions, surface pressure distributions, and external shapes for

the three cases were output on magnetic tapes for direct input to the structural analysis codes

(Section 5.1.2).

Since the FLAME nosetips were to be recovered, additional design analyses were per-

formed to evaluate the adequacy of the nosetip retention structure during Vie recovery deceleration

loads and during water soak following splashdown.

Initiation of the recovery sequence was planned to occur at an altitude of 16 + 4 kft.

Therefore, the initial nosetip shape and temperature distribution for this phase of the flight were

taken from the results of the preceding "reentry" calculations at an altitude of 12 kft. This should

represent a worst-case condition, since it provides the maximum aerodynamic heat input prior to

recovery initiation. A two-dimensional nodal network, illustrated in Figure 130, was constructed

to represent the nosetip shape at 12 kft. This shape, a. h the initial temperature distribution

and temperature-depdndent material properties, were inp,. .the NOSEC computer code (Reference 7).

The thermal response of the nosetip assembly then was calculated by allowing the temperatures to

equilibrate with surface radiation as the only mode of heat transfer (i.e., convective cooling was
ignored).

TIME ALT
____________ (SEC) (KFT)

39.200 35.15

40.001 31.78
41.001 27.84
42.001 24.15 k
43.001 20.73

M- 44.001 17.53

'" 45.001 14.59
CO "45.229 13.96

S.00 100 2.00 3.00 4.00 5'.00 G' 00 7.00 a.(o '". 00

AXIAL DISTANCE (INCHES)

Figure 128. Computed FLAME/ERN tungsten nosetip ablation profile history.
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A similar procedure was used to predict the temperature response following splashdown.
For this case, the surface nodes were assigned a constant temperature of 50°F to simulate the exter-
nal environment (infinite heat transfer coefficient between the water and the tungsten). The nosetip
was then allowed to equilibrate to this 50°F temperature condition.

The computed temperature histories at several critical locations in the shank interface
region are illustrated in Figures 131 and 132. The temperature response along the surface of the
tungsten shank is presented in Figure 131, while the temperatures in the tantalum holder are shown
in Figure 132. These results were stored on magnetic tape for use in the structural design analyses
described in the following section.

5.1.2 Structural Analyses

Analyses were performed to compare the relative thermostructural responses of the two
tungsten nosetip design concepts. Of particular interest was the isolation of potential thermostruc-
rural failure modes of the nosetip segments and the stud in the segmented concept and the sensitivity

of failure predictions to heat conduction boundary condition assumptions. The segmented design was
intended principally as an experiment for determination of ablation characteristics on the segmented
boundary. The nosetip was not optimized for thermostructural response and, consequently, compari-
sons of failure probabilities between the segmented and monolithic (solid) designs may not be indica-
tive of the relative thermostructural performance of the segmented concept.

In addition to thermostructural analyses, calculations of the probabilities of failure of

the two nosetips in modes specifically related to the FLAME recovery experiment were conducted.
These potential failure modes included interface mechanical loading on segments and tensile loads
on the stud attachment resulting from recovery deceleration. The shrink-fit attachment of the mono-
lithic design was checked for pull-out resistance during the period of vehicle deceleration, parachute
descent (with coincident heat soak), and the splashdown condition where rapid cooling would occur.

IZOI

400,

TU 'E Q1%

MtALDEN DOI"c U

0 0 . 0 O C3O~2

Flgace 131. Predicted temperature histories in FLAME/ERN I
solid nosetip during recovery, tungsten shank.
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Figure 133. 11inimurn brittle margins-of-safety
i FLAMlE/ERX( solid nosetip.

A nonconserv-atie factor in the therruostructural, analysis was the lack of recog~nition
of volume effects. In the monolithic nosetip. considerably larger volumtz of brittle material are
sressed than in the biaxial fleture specimens used for derix-ation of the faile-- crftcziim

ences 2 and 20). ConsequenW. the rrnargins-of-s-afer% for the design mar be sigat icantl lower
than those shown in Figure 1.13.

5. 1. 2.2 Segmented Des--ign

The segmented nosetip design is shown in Figure 1IN. Testud wns machined from 3
3-inch diameter etruded billet of 2 percent thoriatc tngsten. The segments were machined fromn
blanks which were coined from short upset-forgings of leagths of thoriated tungsten etrusions. In
this manner, a more desirable grain structure giving beter in-plaxne strenzth properties vM7aobaieI in the segments.

Two coupled ablation beat transfer analyses u-ere conducted with the PDA XNOSIC code-I As described in Section 5. 1. 1. the first case assand perfect thermal contact at each internal bound-
arv between segments and between the segment s-tack and the stud. The sccondj casec assumed no
thermal contact between the stud and the seogments while retaiin perfect contact between segments. Y
The latter case is judged to best represent reality becar-se the segments do expand awayk from the
stud due to thermal raits.Tedgree of thermal contact between segments is of lesser impor-
tance because the principal direction of hent, low is essentially parallel to the segment boundamries.
That is, the isetherms are nearlv normal to the segment sumrfaces and little beat is transferred

i across segment bound~.ries, regardless of the actual thermal resistance



The results of the fillite-elemnt thermostructural analyses are given In Figures 1:14
through 137, whore the minimum predicted margin-of-safety tire plotted ias functions of altitude.
l'he milnihuum margins ti the stud ire not affocted significantly by tie degree of tarmal contict
ait tile segnient boundary until the critical element has moved near the station of the forward segment.
After this occurs, tle case with no thermal contact effectively isolates the stud from et large radial
thetrma1ll gradients and tile probability of thernal stress failure becomes very low.

The margins-of-safety of the segments are affected more significantly by thermal con-
tatt at the stud boundary. As shown in Figures 136 and 137, the envelope of minimum margins Is
reducted hy ti assumption of no thermal contact. This results from the stud soaking hent away
from the segnients and, thus, increasing the radial thermal gradient in each individual segment.

'Tie ther mostructural analysis of the segmllented nosetip is conservative in two important
:aspects. First, te strength properties of large-diameter (3 inch) extrusions were used for the
failure amalysts. As discussed in Section 3. 1, it is believed that very large improvements in strength
and DIBT characteristics will result from forging and coining segments in the manner used to pro-
duce the FLAME'l components. Secondly, tle volume of stressed material is much lower in the stud
and Segments than in the nionolitlitc nosetip. In any brittle material, the volunie effect is significant.
with smaller components having lower probabilities of failure than large components with tle same
.applied stress level.

5. 1.2.3 Structural Response to Recovery Loads

Monolithic Design

During the recovery phase of tile flight test, the tungsten nosetip was retained by Ute
shrink-fitted tantalum-10 percent tungsten alloy sleeve. The sleeve wias originally shrunk onto the
tungsten shank witihi a 0.0028-inch minimum Interference fit. This condition produced clamping
pressures it the interface which, when combined with a reasonable estimate of the friction coefficient.
provided atn estimated resistance to pull-out of 6000 lbs. In this condition, the maximum hoop stress
in the tantalum sleeve was calculated to be 55, 000 psi.

The critical load for nosetip retention was evaluated at the recovery initiation nltitlde
hy taking into account the temperatures in the components at that time. Some reduction of clamping
pressure due to thermal expansion differences between the tungsten and tantalum components occurred
relative to tile original assembly condition, but the critical pull-out load was still 5500 lbs. This
provides t capability to withstand about 900 g's axial deceleration. The m nimum estimated d(eel-
(ration for tile recovery phase wts 180 g's, indicating a large positive safety margin.

Calculations of tile temperature distributions in tile atachl ent region during parachute
descent indicated the shank and tantalum sleeve would soak out to about 1450 0F, as illustrated in
Figures 131 and 132. Consideration of tWe free thermal expansion behavior of the two metals Indi-
cated that the shrink-fit preload decays to zero as the temperature of the sleeve and shank rises
uniformly to 1500 0F. Tle computed free thormal strains of the two nnterials (hieferences -18 and
.19) are shown In Figure 138 with the tantalum offset by the amount of tie shrink-fit Interference.
The temperature across the attachment was assumed to be uniform because of the relatively long
soak period during parachute descent and because of the intimate thermal contact between the
components.
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Figure 138. Free thermal strain including initial room
temperature shrink interference strain.

As a result of the soak-out analysis and consideration that the tungsten shank may cool
much faster than the tantalum sleeve after splashdown in the originally planned watei recovery, the
design was modified to add two retention pins through the sleeve and shank.

k 'Segmented Design

Axial deceleration causes inertial loading of the segment stack against the forward seg-
ments. This loading tends to push the segments up the tapered stud, thereby causing a hoop tension
stress at the segment internal diameter. A finite-element analysis was conducted to determine the
magnitude of this stress. The segment was modeled with a uniform pressure on the aft surface
representing the inertia of the segment stack aft of that location. The load was reacted by combined
pressure and shear at the inside diameter representing friction and pressure loading on the stud.

The analysis included temperatures at the initiation altitude. The resulting critical stresses are:

*IT, = 2310 psi
=(r= 13090 psi

z. (r = 1370 psi
(r = -.110 psia' RZ

at a temperature of 3000 0 F. Since the critical element is ductile (temperature above the DBTT),
the von Mises failure criterion was used along with tensile strength data at the critical temperature

i(Reference 20). The resulting margin-of-safety w\'as determined to be 95 percent.
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Margins-of-safety were also calculated for the threaded stud attachment. The stud is
retained at the aft end by a threaded sleeve which bears against a spring washer. The washer allows
the stud to move forward to accommodate thermal expansion at the segment stack and limit the axial

K, tensile loads in the stud. However, during recovery deceleration, the spring washer bottoms out
and higher loads may be imposed. These loads were calculated from the estimated weight of the

- nosetip at recovery and the anticipated recover, deceleration. Stresses in the tungsten threads and
in the shank were calculated including a factor of 2.0 on the loading to account for shock dynamic
effects. Very large margins-of-safety were determined for both failure modes.

5.2 FLIGHT TEST RESULTS

Both tungsten nosetips were flight-tested suc.,essfully on FLAME vehicles. The seg-
nmented design was flown on FLAME Vehicle F-003 on 28 March 1975 at Wallops Island, Virginia.
The flight occurred in an undefined (i. e., no measurements were made) weather environment char-
acterized by low altitude clouds and rain. The burn-out velocity was approximately 12, 800 ft/sec
-at an altitude of 41, 100 ft. Payload recovery was not accomplished because of -n ordnancc system
malfunction that resulted in incomplete removal of the vehicle centerbody ballast sections. However,
the measured axial and lateral vehicle acceleration histories prior to initiation of the recovery se-
quence indicated that the nosetip performance was nominal in all respects. In particular, very small
lateral accelerations were measured, which implies symmetrical recession of the nosetip. The :axial
acceleration history was smooth and within predicted bounds, suggesting nominal recession with no
removal of segments or other solid material.

The monolithic tungsten nosetip was flight-tested on FLAME Vehicle F-005 on 3 June 1965
at the Tonopah, Nevada test range. The flight was in clear air, and the vehicle reached a maximum
velocity of 13,200 ft/sec at an altitude of approxinately 4.6,000 ft. The return echo from the com-
pression wave acoustic sensor disappeared prior to burn-out so that no in-flight recession measure-
meats were obtained.

The recovery ex-periment was completely successful, and the entire nosetip was recovered
intact for post-flight examination and evaluation. As Illustrated in the photograph shown in Figure 139.
the recovered nosetip had a smooth, rounded shape with no evidence of scallop patterns. The measured
total axial recession of the stagnation point wa. 0.37 Inch. As with the monolithic design discussed
previously, the vehicle experienced no significant angle-of-attack or axial acceleration anomalies
prior to initiation of the recovery sequence.

A brief analysis was performed to evaluate the recession characteristics (i.e.

recession and shape) of the recovered tungsten nosetip. The calculations used the derived flight test
trajectory (Table 26) and were performed with the NOiIARE code (Reference 7) using the same methods
and assumptions described previously for the design analyses of the HEARTS and FLAME tungsten
nosetips (Sections -1.1. 1 and 5.1.1). The only parameter varied in the analysis was the assumned
value of the characteristic laminar surface roughness height, which is used to define: 1) the onset
and location of boundary layer transition (as described by the PANT criterion, Reference 37). and
2) the roughness-augmented latinar heat fltLx (Reference 3S).

The computed stagnation point recession depth is presented in Figure 1-10 as a function
of tht assumed laminar roughness height. Also shown in Figure 1.10 is the measured total recession
of the recovered nosetip. As indicated, agreement between the measured and computed values is
achieved with a laminar roughness height of about 0.51 mil. This value then was used in a NOIIARE
computer code calculation to compare the computed shape with tie shape of the recovered nosetip.
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Figure 139. Photograph of recovered FLAME/ERN nosetip.

The results of this calculation are illustrated in Figure 141, where it can be seen that agreement
between the two shapes is very good. Thus, it was concluded that the basic methodology used to
predict the recession and shape change histories of melting tungsten nosetips is adequate for use
in design calculations. (Additional verification is, of course, required at more severe flight
conditions.)

The FLAME/ERN flight tests also provided additional indirect evidence that the seg-
mented construction technique does not cause any measurable effect on the surface ablation char-
acteristics of tungsten nosetips. Since neither design was expected to be critical thermostructuraly
in the FLAME flight environment, additional tests in more severe environments are necessary to
verify the improved thermal stress resistance of the segmented design concept.
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Table 26. FLAME/ERN flight test trajectory F-005.

TIME VELOCITY ALTITUDE
(SEC) (FT/SEC) tFT)

.000 1000. 60000.

2.000 2050. 59500.

4.000 3200. 58500.
6.000 4610. 57000.1

8.000 6210. 55000.

10.090 7650. 52200.

11.000 8000. 50500.

12.000 10800. 48750.

13.200 13200. 46000.

14.020 12841. 44000.

14.820 12459. 42000.
15.660 12055. 40000.

16.520 11627. 38000.

16.950 11409. 37016.

17.430 9815. 36000.

17.640 9205. 35600.

17.980 8322. 35000.

18.360 7469. 344 '1).
19.080 6104. 33400.

19.970 4850. 32400.

20.820 3912. 31600.

21.590 3223. 31000.
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6.0 TUNGSTEN ABLATION GAGE DEVELOPMENT

Design of a suitable ablation gage for obtaining in-flight recession measurements proved

to be a major problem associated with the development of erosion-resistant nosetips (ERN). The

susceptibility of tungsten to brittle thermostructural failure precludes the use )f concepts requiring

drilled holes for the in-depth insertion of sensors or radioactive sources. Moreover, the high den-
sity of tungsten severely limits the potential of conventional gamma-ray backscatter gage concepts.
The one concept that seemed promising initially was a pulse/echo acoustic ablation gage.

The acoustic gage had been flown successfully on a nu '.ber of vehicles with graphite

nosetips and there seemed to be no theoretical barriers to its application to metals. Thus, despite

some anomalous results in early tests with tungsten, it was decided to proceed with development of
the gage for the A. N. T. /ERN program (Reference 2).

Further ground and flight test results for the sensor, however, were discouraging. The
shear wave mode had been selected initially, based on successful ablation tests with melting stellite
alloy subtips in an erosive rocket motor exhaust. In tungsten, however, the echo pulse decayed to
the noise level within about 0.5 second of exposure to high heating rates. Little or no improvement
occurred after a change to a pulse/echo compression wave mode. In fact, to date, no successful

measurements of tungsten ablation histories in ground tests have ever been obtained with a pulse/
echo gage.

Because of the early problems with the acoustic sensors, efforts were initiated to inves-
tigate and develop alternate sensor concepts for tungskn. A radioactive backscatter sensor utilizing
neutrons (which are not attenuated by tungsten as readily as are gamma rays) was designed and tested
and found to offer a promising, though limited, measurement capability (Reference 2). However, the
neutron backscatter gage presented difficult safety and handling problems and required more develop-
ment work to be suitable for flight.

In the present study, two additional sensor concepts were investigated. One of the con-
cepts was another type of acoustic gage that measures the resonant frequencies in the nosetip to ob- P
tain an indication of the remaining length. The second concept was another radioactive sensor that

uses Bremsstrahlung radiation to activate the tungsten. The work accomplished in the development

of these two ablation gages is summarized in this section.

6.1 RESONANT FREQUENCY ACOUSTIC ABLATION GAGE

The first ground test with the compression wave acoustic sensor occurred as an add-on 
experiment in a series of AFFDL 50 MW arc-jet tests of segmented tungsten nosetip concepts (Sec-
tion 3.2). The segmented designs all included a central tungsten stud which ran a.ially the length

of the nosetip and held the separate segments together. The stud provided the continuous acoustic
path required by the sensor.

In planning discussions for the tests, it wais noted that the rod-like geometry of the studs
suggested a different type of acoustic sensor. The resonant frequencies in a rod are well separated

and can be used to measure length. Furthermore. the low frequencies corresponding to the reso-
nances would be expected to have relatively low attenuation coefficients. Thus, when some simple
bench tests proved promising., it was decided to incorporate a test of the resonant frequency concept.

along with the compression wave pulse/echo tests, in the 50 MV series.
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While the compression wave pulse/echo signal vanished in manner similar to the shear

wave signal in previous 50 MTW tests, the resonant frequency gage provided the first measurements
of tungsten recession ever obtained with an acoustic ablation sensor. Thus, it was decided to pro-

ceed with development of a flight-qualified resonance gage for A. N. T. /ERN nosetips.

This section summarizes the current development status of the K West resonant frequency
ablation gage concept. The sensor is still considered a promising solution to the tungsten ablation

gage problem, particularly for segmented tips.

6.1.1 Concept Description

For a simple rod, free at both ends, resonances occur when the rod length is an integral
multiple of one-half wave length. One physical interpretation of this fact is that reinforcement occurs
when return waves reflect from the drive end boundary in phase with the outgoing driven wave. When
the reflections at both rod ends are of the same type (zero strain type for free ends), a corresponding
condition is that the round trip time for a stress wave be an integral multiple of the wave period.
Thus, the resonant frequencies ara

f =-, n 1, 2, 3,... (7)

n

where the round trip time, T is defined by

L
72 dX

- 0

.where L is the rod length
X is the length coordinate
CM is the speed of sound in the rod as a function of temperature.

It may be noted that the temperature distribution in the rod, T(X), must be known to evaluate the
integral.

Conceptually, a resonant recession gage for a rod would include: 1) transmitter and
reciever acoustic transducers, both fixed to the non-ablating end of the rod; and 2) an electronic

package that would drive the rod at frequencies near resonance for a given mode and, in some man-
ner, define the resonant frequency history. The round trip time history 7o(t) could then be obtained
from Equation (7).

The "apparent length" history of the rod is defined by,i

C (t)
L (t) 0 9)

170



where Co is the room temperature speed of sound in the rod. To obtain the actual length history, a
"temperature correction" would be added to Lo; from Equation (8) the temperature correction is
given by

fL(t)d

AL(t) = (t) - L(t) (10)
C (01X) 1

where C = C/Co.

Of course, L(t) is not know a priori and the temperature distribution in the rod would,
not normally be available from measurements. Thus, AL must be calculated by an iterative process.
From the Lo history and other flight measurements, an appropriate ablation model (transition cri-
terion, surface roughness, etc.) would be selected. The ablation and internal temperature distribu-
tion histories conforming to this model would then be calculated. Next, the temperature correction
would be computed and applied to the apparent nosetip length. Finally, the corrected measured
recession history would be compared to the computed ablation rates. If necessary, the process
could be repeated until agreement is obtained. Fortunately, the temperature correction will be a
small fraction of the nosetip recession for most cases of interest. Thus, convergence should be
rapid and errors in the computed temperatures would not be too important.

For a rod, the resonances are well defined and easily correlated with length. For a real
nosetip, the picture is complicated in several ways. Some of the more important of these are:

1. The curved stagnation region, together with the beam divergence
characteristic of the low resonance frequencies, leads to a spreading
of the resonance peak. In effect, the nosetip may be modeled as
a bundle of rods of varying lengths, all excited simultaneously.
even when consideration is restricted to one-dimensional stress [
wave propagation.

2. Because the stress wave propagation is three-dimensional, many-
resonances exist other than the length resonances. The frequencies
of some of these resonances will vary with nosetip ablation while [
others will remain fixed or will vary with temperature only.

3. As there will be many oblique reflections in a three-dimensional
nosetip. stress wave mode conversions (from compression to
shear and vice versa), with changes in stress wave velocity, will
occur. These mode conversions complicate the interpretation of
resonances.

4. The base of the nosetip (where the transducer is mounted) is
modeled imperfectly as a "free end.** Thus, some phase shift 14
of the reflected wave, with a corresponding shift in the resonant
frequencies, can be ex-pected. 5

The first three of these conditions waste power while contributing structure to the fre-
quency response curve, making it more difficult to identify and track a "length rescnance. he-

are all less important for a segmented tip design with a central stud than they are for a solid plug
tip. The fourth condition affects the calibration of the gage, but otherwise should not be important.
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To help assess the potential of an ablation gage based on the resonant frequency principal,
some early bench tests were performed on a Mallory (copper-infiltrated tungsten) replica of the studs
used in the segmented 50 MW models. A vertical stack of two transducer chips was bonded to the
rear end of the stud. The chip bonded directly to the stud was excited with a wave generator while
the aft-most chip was used as a listening device. In a series of experiments, the excitation frequency
was varied in sawtooth curves covering several different sweep rates and frequency ranges. It was
found that the first resonance (n = 1 in Equation [7)) was very difficult to identify. The peak was so
narrow (i.e., the resonance was of such high Q) that it was completely obscured at all but the very
slowest sweep rates (less than 1 kHz/second). The second resonance (n = 2) was easier to find, but
was still highly attenuated at sweep rates above 50 kllz/second. The third resonance, on the other
hand, was readily identifiable at sweep rates in excess of 500 kHz/second and was located at fre-
quencies in agreement with theory. Thus, it was decided to continue with a 50 MW test of the reso-
nance gage concept.

At a later date, similar bench experiments were performed on a full-scale unsegmented
subtip. While the frequency response curve for the subtip had more structure than the response
curve for the stud (as would be expected), the third length resonance was still readily identifiable.
Thus, it would appear that a resonance ablation gage is feasible for both segmented and unsegmented

i tips.

6.1.2 Signal Conditioning Concept

Two basic signal conditioning concepts were considered: 1) a system analogous to the
bench tests described above in which the drive frequency is varied in a sawtooth curve over the range
of interest and the entire response curve is transmitted to the ground, and 2) a phase-lock loop sys-
tem. The considerations in the evaluation of these alternatives included data rate capabilities, noise
rejection capabilities, reliability, and hardware development schedule. The evaluation was made
for the A. N. T. /ERN program in which an in-weather recession measurement capability was desired.

The advantages of the phase-lock loop approach include: 1) a continuous output which
may be correlated directly with apparent recession, 2) simpler data reduction and interpretation.
and 3) adaptability to high noise rejection designs. These are attractive attributes and it was found
later that Acurex Corporation Is developing a resonance gage with a phase-lock loop (Reference 50).

The major disadvantage of a phase-lock loop is that if lock is lost at any time during
reentry, ablation measurements would be lost for the remainder of the flight. Two uncertainties

inake it difficult to assess the probability of lock loss in advance. The first of these is that a typical
nosetip frequency response curve has considerable structure with different resonance peaks that may
cross as the nosetip ablates. For an unsegmented tip in particular, the changes in the response
curve structure are unpredictable and could lead to a shift in the lock from one resonance to another.

The second uncertainty is in the background acoustic noise to be expected during reentry.
No flight data are presently available in the resonance gage band. This lack of data presents problems
to the designer. I too much noise rejection capability is built into the signal conditioner, lock loss
may occur because of the resulting degradation in response time. If too little noise rejection capa-
bility is Included, lock loss may occur due to the resulting degradation in siAl-to-noise o For
ordinary clear air reentries, the noise rejection compatible with maximum predicted recession rates
is quite high and probably satisfactory. However, for aeather flights, in which it is anticipated thatSexceptionally high acoustic noise will be combined with very high ablation rates, a satisfactory design
compromise may not be possible.
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The alternate signal conditioning concept (in which the complete respns curve is trans-
mit_,ed) has der'mite design limitations, at least with the data rates available from the A. N. T. vehicle
telemetry system. In the system selected, for example, only ten nsetip length measurements per
second could be obtained. Noise rejection is ob-rined through the use of a tracking filter. ftain.
the designer is confronted with a problem for weather flights. If the filter bandw-idth is narrow enough
to reduce particle impact noise to an acceptable value, tracking w'ould probably he los' at high erosion
rates.

Despite these limitations. the full response curve ,pe signal conditioner w*as selected
for development for the A. N. T. vehicle. "The rationale was as follows:

S1. For initial flight tests, the system providing the most information 4

: is to be preferred. The complete response curves could be sumb-
jected to analysis and, if desired, further processing on the ground.
Once the behatior of the response curve is fully" eltd the
poten"alz and pitfalls of a phase-lock loop system can be assesed.

2. Even tho ,gh both systems -avuld have difficulb,- in a severe wather
am:-ionnt, the complete response system would recover after

the vehicle leaves the cloud comr Thus, the total recession in
the weather, if not the details of the history. woumld be measured.
With the phase-lock loop system. on the other hand, once lock is
lost, no further a~lid measurements can be made.

The full response curve system had one further adh-atage. Existing puls-/echo type
signal conditioners fabricated for the A. N. T. program could be adapted readily to that s-stemn on a
short schedule and for minimum cost. Ituras necessary to replace onl_- one module and modify two
others in each unit. Figure 142 shows a block diagram of the s-stem.
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4 6.1.3 Test4 Eperience
I

To ground tests of the resonance gage were performed: the 50 MW test mentioned ear-
er, and an RPL rocket motor te-t of an unseg , ted tungsten tip. The results of these tests were

presented in Sections 3.2 and 2.6. respectively. Thus, the following is a very brief review of the
results.

Two models in the 50 MW series were instrumented with resonance sensors. In one case.
mon-er, almost no stagnation point recession occurred due to an unusual mode/flow ield interaction.
Thus, onir one set of data was reduced.

The basic model cnifiguration was shown in Figure 64. A v-tical stack of two transducer
chips was bonded to the rear end of the central tungsten stud as in the case of the bench tests described
in Section 6.1. The method used to drive and monitor the transducer also was the same as in the
bench tests.

Ii

-Figure 83 showeed a comparison of the actual recession history. as measured from motion
picture films, with the recession history dbtained from the ablation gage. As can be sen the agree-
ment is excellnt. The ablation cge data points were corrected for temperature using Equation (10).
The terperature distributions required for the calculations were obtained from a three-dimensional
ablation code which gave an excellent prediction of the model shape chane and r sion historie.

A single solid tungsten ping tip with a resonance sensor was tested in the RPL rocket
motor ablation facility. F!gure 143 shos a schematic of the test setup. Unfortunately. however.
the transducer failed before any significant recession could be measured. Post-test analyses indi-
cated that a vibration-induced failure of a wire terminal was the probable cause of the failure

I (,Scltion 2.6).

, _ Figure 143- RPL tez seu for resnac .scm-Oro
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6.2 BREMSSTRAILUNG-ACTIVATION ABLATION GAGE

The Brenis stahlung- Activation Ablation Gage (BAAG) was dtesigned to measure the
recession of a tungsten nosetip. The gage requires no physical alterations or changes to the nosetip
and measures ablation by monitoring the change in nosetip radioactivity. The gage was designed by
Intelcoin Rad Tech (IRT) under subcont'act to PDA. The design analyses and demonstration tests
"hat were performed on the gage are presented in the following subsections. Additional data and de-
-Agn information on the BAAG system are contdncd in Reference 51.

6.2.1 Concept Description

The BAAG system is a radioactive gage that uses brcmsstrahlung radiation to activate
a tungsten nosetip. The nosetip is activated by high energy electrons which produce high energy
brenisstrahlung photons. The bremsstrahlung photons convert the nosetip material, tungsten, into
18 2 Ta by the following two reactions:

182 182 183 182TX
W (, p) Ta and 8W(V, pn) Ta.

Because of the conversion of tungsten directly into the 1 5 2 Ta isotope by bremsstrahlung photons, no
physical alterations are required to activate the nosetip. Since the attenuation coefficients for the
bremsstrailung photons and the 1.2 MeV gamma rays emitted by th 1'5 2 Ta source are approximately
equal, a nearly linear gage count rate versus nosetip thickness can be obtained by proper nosetip
irradiation and detector placement.

A potential limitation to the BAAG system could be the sensitivity of the system to possible
background counting rates caused by nosetip radioactive material that has migrated from the forward
portion of the nosetip and deposited on tile vehicle sidewall. The importance of source migration will
depend on: 1) the ability to collimate and shield the detector, 2) the radioactive strength and amount
of nosetip material irradiated, and 3) the amount and location of radioactve material deposited on
the sidewall. To minimize the effect of source migration, two detectors are proposed for the BAAG
system. One will be collimated to measure nosetip radiation and the other will be ;hielded from the
nosetip to measure background radiation. The shielded detector output will be subtracted from tile
collimated detector output to obtain nosetip recession.

A preliminary design application of the BAAG instrumentation system is shown in Fig-
ure 1,14. The system consists of a tungsten nosetip that has been nondestructively activated along
the centerline by ,remsstrahlung photons. A detector is collimated and placed at a convenient loca-
tion aft of tie nosetip. The detector consists of two scintillators coupled to one or more photomul-
tiplier tubes.

6.2.2 Tungsten Nosetip Activation

The tungsten nosetip is activated by bremsstrahlung radiation produced by a beam of
high-energ-y electrons. Two mcthods of producing bruusstaIahlung radiation were investigated for
the irradiation of tunsten nosetips. One method utilized a collimated beam of bremsstrahlung ratdi-
ation produced by a tantalum target and a tungsten collimator. Tlhe second method produced brlls-
strahung radiation directly in the nosetip. The first method will produce a more concentrated amcunt
of 182Ta along the centerline (i.e. , minfmum bremsstraIlung dispersion and subsequent activation
in the radial direction) than tie second method. However, the first method requires more clectron
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1)0m11 onergpy to produice reasonabla activity levels because at significant amount oif te enevrg is lost

ill the taltilunl111 tiarget and collimator. Both inctliots wore investigated for the purpose of determining
t~~~io1 railan il ditrbtin of the 1ig2Tit ac***4 an th *crnonryrn dt civ

reason.-ble counting rates for it flight stom.
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for irradiation.
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Figure 1.15. Geometry for irradiation of tungsten with collimated
bremsstrahlung beam produced by 60 MeV electrons.
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Figure 147. Radial distribution of 1 8 2 Ta activation in the discs

i irradiated with a collimated bremsstrahlung beam. ,

~A nosetip, collimator, and detector assembly was fabricated to determine the ablation
measurement sensitivity of the instrumentation sy,,tmi. A schematic of the assembly is presented
In Figure 148. The stack of irradiated tungsten discs shown in the figure was used to sinmlate a

~ I nosetip. The initial overhang of the nosetip was varied by removing the aft discs and the ablated
depth was varied by removing the forwvard discs. The measured sensitivities of the count rate to
nosetip thickness are presented in Figure 149 for initial nosetip overhangs o 4.65 cm and 6.20 ca..
As can be noted, the count rate is nearl3 a linear function of nosetip thickness. !

For an actual nosetip irradiation, the electron beanm current would be run at 350 piA
(typical ior the IRT LINAC) instead of the 70 gA used in the present study. For flight, a counting

rate of approximately 5,000 eps would be a lower limit of the desired counting rate. v~or a nosetip 9
overhang of 6.20 erm, the data of Figures 146 and 149 indicate that the irradiation time to achieve a -
5, to00 cps counting rate would be over 1300 hours. This irrjdiation time is undesirable because of
the LIN~AC costs that would be involved in supporting a fligh~t test.

6.2.2.2 Tungsten Actition Wilth Direct 60 MeV Electrons !

Because of the excessive time required to irradiate a nosetip u~ang ,i collimated brenis-
strahlung beam, direct irradiation of the nosetip with electrons was investigated to establish the t

savings in irradiation tim that wvould result. Direct irradiation will result in wicolltmated brems- I_
strahiung in the nosetip and the radial distribution in 182 Ta activity ma, be expected to be more
diffuse and not as centrally concentrated as the activity produced by collimated bremsstrahlung. To

determine the irradiation time and the radial distribution of activity, at stack of tungsten discs were
irradiated and the 1 8 2 Ta distribution was mapped both axially and radially. A schemattL of the
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hardware used to irradiate the tungsten stack is presented in Figure 150. As was done in the col-
limated bremsstrahlung activation experiment, a 60 MeV electron beam was collimated by a hollow
graphite cylinder. However, instead of having the electron beam impinge on a tantalum target, the
electron beam was focused on the tungsten stack to form bremsstrahlung radiation directly in the
tungsten. The tu,,gsten stack was water-cooled to prevent material property changes that can occur
in hngs!ten at temperatures above !fln°F. The ecling apparatus was simply an unpressurized water
bath with the water inlet located at the forward face of the first tungsten disc. The first tungsten
disc was separated from the other discs to aliow both faces of the first disc to be water-cooled. In
cooling an actual nosetip, a sophisticated, pre- surized high velocity water-cooling system wvill be
required to maintain reasonable tungsten tempe atures during activation. The nosetip cooling anal-
ysis and the cooling system required for activat ,on of a flight nosetip are described in Section 6.2.4.

COOLING WATER IN

U WATER
RETURN

ALUMINUM
0.16 cm WATER

- -- EACH 1. 14 cm

CM T
Y 7.6 cm

ELECTRON ___ __
BEAM

GRAPHITE
COLLIMATOR

TUNGSTEN NOSETIP
(STACKED SHELLS)

Figure 150. Geometry for irradiation of tungsten
with direct electron beam.

The tungsten discs were irradiateo directly with electrons at IT for 1. 75 hours at an
electron energy of 60 MeV and an average current of 70 uA. The xxial distribution of IS2Ta activity
is presented in Figure 1.16. As can be noted, direct electron irradiation results in a significantly
higher activity level than was obtained by indirect (or collimated) bremsstrahlung irradiation. Com-
paring the activities obtained from each method for equal irradiation times, it can be shown that the
activation obtained by direct irradiation is over 1 times the activation obtained by indirect irradiation.
atao The measured radial distribution of 182 Ta activity in each disc is shown in Figure 151.

The "full-width-half-maximums" of the radial distributions, as shown in Figures 1.17 and 151, are

compared in Figure 152. As can be noted, direct irradiation produces a slightly broader region of
activation. At a depth of 2 inches. the width of activated tungsten induced by direct irradiation is

ISO__ __ __ __ __ _ -0
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35 percent greater than the width induced by indirect irradiation. For a flight nosetip, as will be

indicated in Section 6.2.5, the activated width produced by direct irradiation appears to be accept- [
able. If desired, the width can be reduced further by using a small electron-beam collimator and
a higher electron beam energy.

The activated tungsten discs (activated directly with electrons) were used in the assembly
shown in Figure 148 to determine the count rate as a functior of nosetip thickness. The measured
count rates are presented in Figure 153 for nosetip overhangs of 5.72, 6.86, and 8.00 cm. The
count rate dependence on thickness is similar to that measured with tungsten discs activated by col-
limated bremsstrahlung, Figure 149. The count rate is nearly a linear function of thickness with
a slightly increasing count rate per unit thickness (count rate versus thickness slope) as the tungsten
thickness is increased.

I

INITIALTHICKNESS

6.86 CM
INITIAL
THICKNE$S

- 6000 -
8

0

2T/UNISIALC M TIC'KNSS[

ZL

0 1 2 3 4 S 6 7 3 9

TUNzGSTEN THlICKNESS (Cui)

Figure 153. Covit rate versus nosetip thickness for
direct electron irradiation, 8 cm overhang.

The estimated count rates for a tungsten nosetip irradiated directly with 60 MeV electrons
at 350 uA for 75 hours are presented in Figure 154. As can be noted, a count rate of over 10,000 cps
will result for a thickness of 5.72 cm. The irradiation time and counting rate for direct irradiation,
relative to indirect irradiation, are improved significantly with very little sacrifice in the radial
distribution of activated tungsten. In view of these results, it is recommended that direct irradiation
be used for flight activation.
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6.2.3 Background Effects On Measurement Uncertaint-

As has been noted, the BAAG system uses bremsstrahlung radiation to convert the nose -

tip material, tungsten, into the gamma-ray isotope 162 Ta. Because tungsten has good gawima- -
attenuation characteristics, a relatively large amount of the 1S 2 Ta isotope is required to obtait.
reasonable detector counting rate. The greater the amount of lS2 Ta that is present in the nosetip,

the greater is the possibility of having a portion of the isotope migrate and deposit on the sideu all
heatshield (a phenomenon commonly referred to as source migration). The deposited sidewall iso-

tope -ill contribute to the counting rate by changing the background radiation, thereby introducing
an error in the ablation measurement. To estimate the error induced by possible source migratio.,
measurements were made on ground test and flight test heatshields to determine the amount of tung-
sten nosetip material deposited on the sidewall. Assuming the amount of deposited l' 2 Ta is propor-
tional to the amount of deposited tungsten, an estimate was then made of the background rate that
would be expected for a particular instrumentation design.

Neutron activation analyses were utilized to measure the tungsten deposition thickness
on two test specimen heatshields. This .as accomplished by w Tapping the heatshield with a thin
layer of tungsten sheet, irradiating the assembly in a neutron field, and counting the 24-hour 1 S6 W

radioactivity arising from neutron capture in tungsten. Several locations on the aft heatshield were
counted with and without the tungsten sheet. The ratio of the two counting rates can be related to
the amount of tungsten deposition on the heatshield. The heatshields that were analyzed included a
heatshield recovered from a SANMS tungsten nosetip flight test and a heatshield obtained from an
SO atm spiked enthalpy tungsten nosetip test in the 50 MW arc-jet facility. For the SAMS heatshield,
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the mean deposited tungsten thickness was measured to be 0. 15 micron with a variation of 20 percent
over the entire heatshield. For the 50 MW heatshield, a mean thickness of 0.6 micron was measured.
The thickness variation over the heatshield was between 0.4 and 0. q micron, and this variation appar-
ently was caused by the nonsymmetrical ablation behavior of the nosetip.

To estimate the importance of source migration, two tungsten sidewall deposition rates
were assumed. In one case, the tungsten was assumed to be deposited and removed at equal rates
so that a constant tungsten thickness of 0.6 micron was maintained during the entire portion of re-
entry. In another case, the tungsten thickness wmas assumed to be dependent on the nosetip thickness
as shown in Figure 155. The calculated ratio of background counts to nosetip counts is shown for an
initial nosetip overhang of 5 cm and the detector shielding and collimator design of Figure 144. For
a constant tungsten deposit thickness of 0.6 micron, the background counts reach a maximum of S per- M-
cent of the signal when the nosetip has ablated 5 cm. Increasing the nosetip overhang or increasing M
the amount of sidewall activity will increase this ratio accordingly. Because of the unknown amount
and behavior of sidewall deposition, it is recommended that two scintillators be used in the system.
One ill be shielded from the nosetip to measure background radiation. The other uill be collimated
to view the nosetip and will measure a combination of nosetip and background radioactivity. -
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Figure 155. Calculatted backgro~nd effects of 0.6 micron thick tungsten deposit

on heatshield assuming instantaneous and slomv build-up of tungsten
layer. Lowe'r fh ,ure shows tungsten-builai-up function assumed.

S6.2.4 Nosetip Cooling Daring Activation

- ~Thermal analyses were performed on a tungsten nosetip for the pirpo.se of estimatingl
- the cooling requirements necessary to maintain the nosetip at a reasonable temperature level dluring
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irradiation. Direct irradiation of tle nosetip with electrons results in a large conversion of electron
energy into thermal energy. For the electron beam energy estimated to produce the desired flight
radioactive strength (Figure 154), approximately 21 kW of thermal energy is generated in the nosetip.

? To preclude changes in material properties that can occur in tungsten above 18000F. a highly efficient
cooling system will be required to maintain the nosetip at reasonable temperatures. and/or the elec-
tron beam energy must be reduced.

STo estimate the requirements of the cooling system, analyseswere performed at electronJ
"beam power levels of 21 MY and 10. 5 kW11. The 60 'MeVl electron beam currents at these levels are
=. 350 uA and 175 yA, respectively. The nosetip that was analyzed is illustrated in Figure 144. The

nose radius is 0. 50 inch. with a 15-degree cone half-angle and a thickness of 2.25 inches along the
. centerlne. The nosetip shank has a 0. 50-inch diameter hole along the center to aid in gamma-ray

~collimation.

~During irradiation in a linear accelerator, the nosetipwas considered to be encapsulated
_1in a pressure vessel (e.-g., titanium) -arth high-pressure water forced through annular passages to

extract heat. Ile estimated power dissipated in the nosetip as a function of nosetip depth is presented
. in Figure 156 for the 21 MV operating condition. The power dissipation %%as estimated IT- calculating

the heat deposition due to electron ionization and attenutation of the bremsstralung photons.

IMC .

. ~ ~~ ~~ .4 . .!. 2 1 .

' Figure 156. Thermal ecr*- di.sipation in tungsten for
full-power direct electron irradiation.

LiI: e i For the poer profile l Figure 156. it is estimated that the nosetip must be irradiated
adfor 75 hors to achieve an initial flight count rate of apprcximatee 10000 cps for the geometry and
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unimportant in defining the maximum nosetip temperature level. A steady-state, two-dimensional
thermal analysis of the nosetip was performed using the nodal network of Figure 157. The thermalconductivity of tungsten that was used in the analysis wAs presented in Table 24.

II.
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Figure 15. Nosetip nodal net k

The thermal boundary condition at the nosetip external surface was computed using the
forced cooling and water boiling correlations of Reference 52 as a basis. The correlations of Ref-
ereace 52 were extrapolated to a water velocity of 15 ft/sec with 150OF subcooling, and these corre-
lations are presented in Figure 15S. A maximum heat transfer rate of 2.3 x 106 Btu/ft2 -hr is
estimated to occur at "burn-out."

For the 21 kW electron beam irradiation condition, nose- .nperatures over 4006°F
were predicted for the forced water cooling correlations of Figure I' . With the same cooling corre-
lations, a maximum nosetip temperature of 2125°F was predicted for the 10.5 kW electron beam
condition. The predicted temperatures for the nodes of Figure 157 are presented in Table 27 for a
power level of 10. 5 kW. As can be indicated by the temperature distribution, the major portion of
the heating is occurring near the nosetip stagnation point. Because of the high concentration of ther-
mal dissipation in the stagnation region, it is possible that "burn-out" will occur and temperatures
higher than predicted may result. To ensure reasonable temperature levels, it is recommended that
the electron beam energy be reduced below 7 kW. This power level would require approximately
230 hours for irradiation, compared to the 75 hours required with 21 kW.

The estimated 230 hours required for irradiation possibly could be reduced by using a
thin tantalum section just forward of the nosetip. As can be noted in Figure 156, peak dissipation
occurs at a depth of approximately 4 mm in the nosetip. By placing a 4 mm tantalum section forward
of the nosetip, the peak dissipation will ccur on the surface of the nosetip, rather than within the
nosetip. This ill increase the ability to conduct heat to the surface of the nosetip. By forqing high-
pressure water between the gap separating the tantalum and the tungsten, power levels higher than
7 kW may be possible. Use of this higher power level and the subsequent reduction in irradiation
time will require further analysis for verification.
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Figure 15S. Boiling heat transfer data for water.

4K 5A
6.2.5 Description of Flight %-stem

A schematic of a preliminary flight nosetip deign utiiing the BAAG system was pre-
sented in Figure 144. The noscuip is 2.25-inches 'ong uith a 2.0-inch long collimator. A Cs!scin-
tillator is used to measure radiation from the nosetap. An annular ring of Na! scintillation material
is used primarily to measure background radiation. The signal from the Na! scintillator is used to
correct the Csl signal for variations that --an occur in the background radiation. Both scintillation
crvstas are bonded to a common photomultiplier tube to form a ""phoswiteh * detector assembly.
The phosutich uses the difference in the phosphor's decay time to distinguish betweven the two srin-
tillators. The phosphors generated in. Na! (T() have a decay time of 0.23 msec versus a decar time
of 0. 7 yse for C s! (To). Using the large difference in decay time. the photomultiplier pulses can
be screened electronically to differentinte between Na! and Cs!; interactions. The pho-suitch technictuc
has been use-,d in space radiation e-periments. In these experiments. a single photomultiolier tube
%%as used to monitor the counting rate from two scintillators.

The sensor shonm in Figure 144 is configured for a flight vehicle with the detector assemn-
blv located for-ward of Vehicle Station 21.72 inches. The photemultiplier is package with the preamps -

MM ~ and the high-voltage poaver supply in a gas-sealed container. The nosetip source strength is approxi-
mately- 16 millicuries with an initial d~etector count rate of about 10. 000 cps. A teflon cap. plared
over the tunsten nosetip, is designed to expo-se the tungsten at approximately 35 kft. This is the
approximate altitude at which the primary nosetip would be removed when a high-altitude weLather
environentis encountercd. The tungsten subtip has a 0.50-inch nose radiusuwith a 15 degree cone

U=j



half-angle followed by the regular vehicle cone angle of 6.4 degrees. The biconic shape is required
to provide adequate detector sidewall tungsten shielding to minimize the effect of background radi-
ation on the ablation measurement.

Table 27. Predicted steady-state temper-tres for half-power irradiation.
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6.2.6 conclusions

The BAAG sy.<em utilizes a nondestructive method to actinate a tU=Izstn nosctip for the
purpose of measuring nosetip ablation with radioractive counters. The ncseips are activated with a
high-energ' electron beam to transform tungs-ten into the ls±Ta isotope. A highly efficient cooling
s-stem is required during irradiation to prevent the nosetip from oeeding I00OF..At te-neratures
above ISO0 F, undesirable material prope-ty changes occur in tulngste. An adequate amount of
lS2Ta iso~e can be formed in less than = hours of nosetip irradiation and result in a detector
couting rate of over 10, 000 cps. The count rate ver-us thickneszs curve for the BA.AG s--tem has
been found to be nearl" linear. The linear dependence and high count rate result in a detector s.s-

= tem with good meas:urement accuracy.

=1,"i.
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Because of the possibility of nosetip source migration and subsequent deposition on the
I-.vehicle sidewall, it is necessary that two scintillators be used in the BAAG system. One scintillator

will measure the background radiation that results from source migration and the other will measure
both nosetip and background radiation. The count rate from the former is used to correct the count
rate from the latter to minimize the measurement error induced by variable (or transient) background
levels.

All electrical components in the BAAG system have been developed and the basic detector
design has been extensively flight-tested. Additional development required for the system includes:

1) designing and testing the phoswitch detector assembly, 2) designing and verifying the cooling sys-
tem and nosetip activation procedures, and 3) modifying for use on tmgsten nosetips the calibration
procedures currently used for graphite nosetips.
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APPENDIX A

APPLICATION OF PRIDDY FAILURE
CRITERION TO 994-2 GRAPHITE
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Al. 0 DESCRIPTION OF FAILURE CRITERION

The Priddy failure criterion (Reference A-i) is a general macroscopic failure criterion

applicable to brittle anisotropic materials. It consists of a cubic equation failure surface having

the following properties:

1. Arbitrary stress states are accounted for, including effects of stress
interaction and shearing stresses.

2. The failure surface is invariant with respect to the coordinate system
used for stress-strain response calculations.

3. The failure surface is smooth, continuous and convex (but open in
1:1:1 compression).

4. The failure surface passes through measured strengths.

When this criterion is specialized to the case of an axisymmetric solid of revolution in
a material having transverse isotropy, the iailure surface is given by:

A1 2 + Blo-2 B2o" . + B3 2, Cl- o- + C2o - + C3- o-
rz z r 0z r r 0 0 z

-(Elo- + E2Gr &E3 o) (o-(r 0' 1 (a' - (A-1)z r (90 z r 1rz

V-1 Dloz- D2O-r- D3o0 - F (r oz- 91 )r7

The coefficients in Equation (A-I) are calculated from nine measured strengths defined below:

FTZ tensile strength, Z direction
FCZ compressive strength, Z direction
FTTHl tensile strength, 0 direction
FCTH compressive strength, 0 direction
FSRZ shear strength, RZ plane
QTHZ biaxial tensile strength, OZ plane
PTIIZ biaxial compressive strength, OZ plane
QRTI! biaxial tensile strength, RO plane
PRTII biaxial compressive strength, R0 plane

I AThe sequence of calculation to obtain the coefficient: ia Equation (A-l) is given by:

Al 1

FSRZ

FT? FCZ

B 2  i196

= 196



B3-~--=-==----~=~ B2

B3 = 11

[FCTII FTTHI

D3 =D2

P1 PTIIZ

P2= PRTII

P3 -PI

Qi = QTIIZ

-I Q2 =QRTJI

cl~~~~ ~ ~ (131 B2+ l+P (Dl D2)(131 - Q

C3 Cl

13112 (112 13- C2) - - (D2+ D3)
Q2 Q2 3Q2

1113 B11

El =-L(3B1 - B112 +1113)

E2 +(11112 - 133 - 131131)

E3 =E2

F =-3 (El E2 +E3)
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A2 0 STEGH-AAFO4RNCTD99--RAHT

Average strengths for truncated 994-2 graphite needed in the Priddy failure criterion
were based primarily on tensile tests at 70eF and 2000 OF conducted at Southern Research Institute
(Soull) for the Material Requirements Definition (MilD) programi (Reference A-2).

For temperatures above 2000OF and for compressive valucs, average failure stresses
I were based upon Soil data for non-truncated 994-2 graphite in Reference A-3. These results are
- -* summarized below:

Average strengths (psi) for truncated 994-2 graphite.

Temperature e0 F)

70 2000 2500 3000

Across Grain Tensile Strength (PI'Z)

Sample Size 53 90 7 7

Average J. 4274 4807 5127 5217

Across Grain Compressive Strength (FCZ)

Sample Size 4 -- -- 4

Average 11840 12679* 13523' 1370

With Grain Tensile Strength (Fff 11)

Sample Size 41 55 7 7

Average 5677 6551 6730 7250

With Grain Compressive Strength (FTTI1)

Sample Size 6 ---- 9

Average 10270 11295* 11603' 12500

Estimated from ratio of compressive strength to tensile strength
at 3000 0F

To estimate the equal biaxial tensile strength in the OZ plane, off-axis test results de-
scribed biy Jortner on ATJ-S graphite (Reference A-4) were used. These results at 7001? and 2000OF

(Fgr -I) sothtamohcrvpassing through the centroid of uniaxial and biaxial strengths

also goes through the following equal biaLxial strength:

QT11Z 0.90 FTTZ.
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Biaxial failure stresses at 70°F jATJ-S).

"'A

5 CENTIOU) 1:11 16

I: 1.-26
CENTROCDNTil. KS

Biaxial failure stresses at 2000°F (ATJ-S).

A1 :1.10
0'

5
0/

CENTPOID

Figure A-1. Biaxial failure stresses for ATJ-S graphite.

It is reasonable to assume a similar result for equal biaxial strength in the OR plane-

QRTHl = 0. 90 FTTtI.

The equal bixLxial compressive strengths were estimated as the smualler of the two uniaLxial
compressive strengths: "

PT1IZ = AIIN (FCZ, FTTll)
PRTI = MIN (FCTI, FCTI1.

To determine the RZ shear strength. it was assumed that off-.xxis uniaxial strength pre-
dicted as a function of off-xxis angle:

1. should be a smooth- shaped. slowty varying curve in compression
that follows measurements on ATJ-S graphite (Reference A-51 and.

ts s 2. should have 45-degree tension values close to rengsured strengths
for non-trunca -2 graphite (Reference A-3).
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Using assumed values for average shear strength iogether with average itrengtns previously assigned.

off-axis compressive strength, a", was calculated from Equation (A-1) by trial and error. For thi
purpose:

I
r tt 1-I cos26,

r

(r 0- 0
A1

7 2I!
7 -- r -sin2
rz 2

where 6 is the off-axis angle (6 0 AG: 6 90 WG). These results in Figures A-2 through A-5 show

that, as expected, off-wxis compressive strength is sensitive to the assumed shear strength. The

best estimate of shear strength required to satisfy the two rtquirements described aittwe as summa-

rized below:

Estimated shear strength for screened 994-2 graphite.

Temperature tFl FS!IZ tpsi)

70 4000
2000 450
2500 4750

3000 500

It should be noted that these shear strengths:

1. are a smooth function of timperature. and

2. give 45-degree tensile strengths predictions within 200 psi of

measured strengths for non-truncated 994-2 graphite at 7 0 F

and 2000 0 F.

To summarize, the nine strengths required in the Prihdy criterion for truneated 994-2.

were determined as follows:

I. Uniaxial tensile strengths at 70 0 F and 20000F were based

upon MRD test results for truncated 994-2 in Deference A-2.
2. Uniaxial tensile strengths at 25000 F and 30000 F iuere based

upon non-truncated 994-2 graphite in Reference A-3.

3. 17niaxial compressive strength were basedi upoin non-trunca ted
994-2 graphite in Reference A-3.

4. Biaxial tensile strengths were calculat d as 90 percent of

the smaller of the uniaxial value bast on ATJ-S -ata

(Reference A-4).
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5. Biaxial compresive stren2gths were a-:-s-umed equal to the
smalica- of the two uniaxial comupressiv-e str-engths.

6. Shear strmths were estimated fromt off-axis uniaxial comn-
pression te-sts on ATJ-S graphite (Reference A-5).

+ ATJ-S GRA--IIQTE AT TOOM UIMPERATUR

GIAflUZE IWTERIM RiOZI, - AFML-TU-71-160,
JLY 1971

13 -

10 4 DATA ?IS

~ 9- AV OF
9 6 DATA Kls

z
7 -

0 10 V- 30 40 50 Z0 70 Sa Vs

Fizgure A-2- Off-aiis 4te~th aredicted tbr Pri~v thelory for
994-2 graphite as a function of RZ shear strn t.
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A3. 0 MIARGINS-OF-SAl? 1TY FOR STrRUCTURA L ANALY':'E'S

Miargins-of-safety are calculated for each finite clemienit fromnthel( prox0.tmik of the applied1 stress vector to tile Priddy failure surface as Indicated Ii F igure A-6.

FA-IR SURACEFO
PAII.S RiS - .025'SIES

< SI~~MS AIO

AUOWA~ tf I MI*

Figure A-(;. Priddy margini-of- safety calculation.

F or the rmostructu ral analyses of nosetips, mlariginls- of- safety are ca leula ted w ithi 95 95
allowable strengths for at fictitious filnite element having the Samle volumle ats tile volumle oif thle Ref-
erence A-2 data base t0. 038 ind) so that mlarginls-of-safety are not depenident Onl mesh Size. 'Pled(hit
base used to estimate statistical vai-ation in thle referenced Strengths consists of at least 9() saniples;] i eachi of the with-grain and across-grain directions. For at Sample Size of 90, thle 9,1),95 aillowa Av
corresponds to strengths of approximately 2. 5 percent failure probatbility. TPo reducee average
strengths Ii Table A-1 to 95/95 level strengths, Weibull distributions wvere fit through with-grainl4 and across-grain strengths at 70olF and 2000 0F (Figures A-7 and A-8):

where

F"(RI) is thle cumulate probabilityv of failure for at normaliz.ed strength, 11
11 is strength divided by average srnt

is thle Gamma function.
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'Table A-1. Average strengths and Weibull statistics
for truncated 994-2 graphite (psi).

WSHBULL .... _ ___,___ M PERATUR1.
___STRENGTH STATISTIC 70 2000 2500 3000

FTZ 32 4274 .4807 5127 5217
FCZ 32 11840 12679 13523 13769

FT'rl 16 5677 6551 6730 7250

FCTII 16 10270 11295 11603 12500

FIRZ 16 '1000 '1500 .1750 5000

QTIIZ 16 :18.17 -1326 -1614 -1(95

PTliZ 16 10270 11295 1160.3 12500

QWril 16 5109 5896 605?1 6525

PIh 16 10270 11295 11603 12500

According to Figures A-7 and A-8:

8 = 16 for with-grain strengths at any temperatureIO = 32 for across-grain strengths at any temperature.

The requiredA multljllying factor, RFAC, used for obtaining any failure strength probability, 1110B,
from average strong I is given by (Table A-2):

IRFAC Cn M1- 1)I1OW A],-(, ~
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Table A-2. Multiplying factors, RFAC*, for calculating
strengths at various probabilities of failure.

CUMULATIVE WITH ACROSS
PROBABILITY GRAIN GRAIN
OF FAILURE P = 16 /332

j0.50 1.01010 1.00581

0.40 0.99101 0.99626

0.30 0.96901 0.98514

0.20 0.94102 0.97081
0.10 0. 89791 0.94831

0. 05 0. S5840 0.92721

0.025 0.82135 0.90698

-j0.01 0.77526 0.88117I 00.00 1 0. 67116 0. 81987
0. 0001 0.58119 0. 76294

* AFAC [C n (1 - PROD)If

0- 1

r 32 0. 9758

WI
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A4.0 PROBABILITIES OF FAILURE FOR STRUCTURAL ANALYSES

In calculating the probability of failure for a finite element, the average strengths in
Table A-1 are scaled to the finite element volume using the Weibull statistics fitted to the 994-2
data base. The volume correction used for this purpose is given by:

S(V) S(VREF)

(V f) (RF

where

S(V) is the average strength for a finite element of volume V
S(VREF) is the average strength for a reference volume (0.038 in3 )

shown in Table A-I
1( is the Weibull statistic for strength.

The probability of failure for a finite element is obtained as follows:

1. Average strengths for the finite element are calculated using the
volume correction described above.

2. Trial-and-error failure strength probabilities are used to find

the Priddy failure surface that passes through the applied stress
vector (Newton-Raphson root extractor).

The overall probability of failure for a nosetip is then calculated from the conservative
assumption that failure in any one finite element constitutes an overall failure in the nosetip:

i=n
13F=I - (1 - P F)-1 F

where

P is the overall probability of failure
F

P F is the probability of failure in finite element I
I

i=l, n are the finite elements with temperatures below 35000 F.

A4.1 SUMMARY

The Priddy failure criterion was developed for 994-2 graphite using tensile test data
obtained for the Materials Requirements Development (MRD) program. Using a statistical treatment
of the referenced strength data base, the criterion can be used to account for volume effects in nose-

tips and to predict probabilities of failure. The resulting biaxial and triaxial failure surfaes for
994-2 graphite are shown in Figures A-9 through A-12. The influence of applied shearing stress on
the 0-Z blaxial failure surface is shown in Figure A-13.
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Figure A-9. 0-Z biaxial allowable for 994-2 at 700F.
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Figure A-10. O-Z bia-xial allowable for 994-2 at 2000 0 F.
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IFigure A-il. RO-Z spine allowable for 994-2 at 700 F.
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Figure A-12. RO-Z spline allowable for 994-2 at 2000 0 F.
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APPENDLX B

RECESSION AND TEMPERATURE HISTORIES
OF SOLID AND SEGMENTED TUNGSTrEN

ABLATION MODELS IN AFI")L 50 MW ARC-JET

I
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FIGURE B-3. PBLFIIION HISIORY FOR
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FIGCURE B-4- PBLRTION HISTORY FOR
SEGM'ENTED NOSETIP AT SOM1N FACILilY
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FIGURE B-5. ABLATION HISTORY FOR
SEGMENTED NOSETIP AT 5OMN FACILiTY
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FIGURE B-6. PBLATION HISTORY FOR
SEGMENTED NOSEIIP AT 50MN FACILITY
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FIGURiE B-7- PBLRTION HISTOR~Y FOR~
SE.GMENTED NOSETIP RT 50MV. FPCILIIY
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FIGURE B-S- PBLPHION HiSIORY FOR
SEGMIENTED NOSETlP AT SOM1H FACILITY
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FIGURE B-9. PBLAI ION HISTORY FOR
SEGMENTED NOSE1iP AT 50MN FPCILi1Y
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FIGURE B-li. PBLRTION HISTORY FOR
SEGMENTED NOSE1IP AT 50MN FACILiIY
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FIGCURE B-12. P6LAT1ON HISTORY FOR
SEGMIENTED NOSEliP AT SOMW FPEILi1Y
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FIGURE B-13. PBLATION HISTORY FOR

SEGMENTED NOSETIP AT 50MW FACILITY
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FIGUREB.14. PBLRT1ON H-ISTORY FOR
SEGM1ENTED NOSEIP RT 5OflN FROILITY
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F I GLRE B-15. ABLAIION HISTORY FOR
SEGMIENTED NOSETIP AT S0MW FPCILIIY
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FIGURE B-17- ABLAT ION HISTORY FOR
SEGMENTED NOSET1IP T 50MW FRCILIlY
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FICURE B-18. PBLR- ION HISTORY FOR
SEGMENTED NOSETIP AT SOMN FACILITY
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NOTE:

TRACES FOR TIC I AND IC 4 NOT
5000 DISTINGUISHABLE FROM OTHER

SENSORS BEYOND TIMES SHOWN

4000-T I

DO

IC 4

~2000TI5

:1C 6
0 0.2 0.4 0.6 0.8 1.0

TIME FROM MODEL INSERTION (SEC)

Figure B-19. Thermocouple data, model 1-2.

I NOTES:
(1) TC 5 OPEN AT START

5000 (2 TRACES FOR TC 2AND TC 4
NOT DISTINGUISHABLE FROM
OTHER SENSORS AT 1.3 SEC

232



l V~f:

NOTES:

(D TC I OPEN AT START

5( 2) IC 2 TRACE OFF PAPER AT 0.61 SEC

I 4000

CTC 3
3M

2000

1000-

TC

0 0.2 0.4 0.6 0.8 1.0

TIME FROM MODEL INSERTION (SEC)

Figure B-21. Thermocouple data, model 1-4.

-1 5000-

40D- TC I

1 3

- 3000

TC A
1 000 '

TC 2

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

TIME FROM MODEL INSERTION (SEC)

Figure B-22. Thermocouple data, model 2-3.

233



4 ,

I

NOI

50 NOTE: TC 2 AND TC 4 OPEN AT START
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Figure B-23. Trhermocouple data, mlodel 3-3.
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